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In a previous publication on the etiology of tick-bite fever (1930) we have 
recorded that in the brain of guinea-pigs, inoculated intraperitoneally with 
blood from tick-bite fever patients, we had found perivascular infiltrations, and 
that in these infiltrations we had seen numerous small bodies, indistinguishable 
from Rickettsie. This led us to the conclusion that South African tick-bite 
fever must be regarded as a rickettsiosis. 

South African tick-bite fever had of course long been suspected to belong to 
the typhus-group of diseases. It is a mild affection, probably the mildest of 
the group. But it closely resembles, clinically and pathologically, the kedani 
of Japan, the pseudotyphus of Schiiffner (1915) and Maasland (1926), the tick- 
typhus of Megaw (1917-1925), the scrub-typhus of Fletcher, Lesslar and 
Lewthwaite (1929), and the spotted fever of the Rocky Mountains. 

In a recent paper Tanaka, Kaiwa, Teramura and Kagaya (1930) state that 
the microbes, which they and others have formerly incriminated as the cause 
of kedani, are now absolved, and that their present conviction is that kedani is 
due, not to a living agent, but to a fermentative poison, derived from the 
salivary glands of a Trombidium. 

This new, or rather revived conception would bring kedani into a group of 
diseases very different from the typhus group. The conception may be true 
for kedani, but we believe we can bring up some further evidence that South 
African tick-bite fever is due to the action of a living agent. This evidence 
consists, so far as the present communication is concerned, of temperature 
charts of guinea-pigs. 

During the recent summer iowa; which constitute the tick-bite fever 
season, we have had numerous opportunities of injecting blood from tick-bite 
fever patients into guinea-pigs. All injections were made intraperitoneally ; 
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sometimes citrated blood, but as a rule fresh blood was used. The blood was 
never older than a couple of hours. 

We have taken the precaution of first determining the normal temperature- 
curve of our local guinea-pigs. Rectal temperatures were taken morning and 
evening. The records of such normal animals, which were then later used for 
purposes of inoculation, are given in our figure. These are the temperature 
curves marked 1, 2, 3,4 and 5. The first two animals were measured over a 
period of eight weeks, the other three for fifteen days. It is seen that the 
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temperature hardly ever rises higher than 102°. This may thus safely be 
regarded as the highest normal temperature of South African guinea-pigs 
under our experimental conditions. 

The inoculations of tick-bite fever blood nearly always caused rises in 
temperature extending over several days. Asa rule the rises were not high, and 
barely exceeded one degree. If we had not been in possession of so many records 
of normal guinea-pigs’ temperatures we would probably have ignored them. 
Rather good examples of such “‘fever-curves”’ are given in our figure, marked 
6and7. The arrow indicates the day of intraperitoneal inoculation. Asa rule 
1 or 2 c.c. of blood were injected. On the whole it may be said that such 
inoculated animals, as illustrated by curves 6 and 7, show an initial rise of 
temperature, extending over a few days, followed by a more or less pronounced 
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drop, which is again followed by a rise, and this second rise is somewhat more 
marked than the first one. The letter “KK” means that the animal was killed 
on that day. There is not much method in these curves, but there is some, 
and to our mind there is enough to regard them as significant. That the 
rises in temperature in, for instance, curves 6 and 7 do not extend over the same 
number of days, may easily be due to.the circumstance that the injected 
blood contained varying quantities of dead and alive virus, to say nothing about 
varying degrees of susceptibility of different guinea-pigs to a virus that cannot 
be regarded as very virulent to any one of them. Ina number of cases puncture 
of the heart was performed in inoculated animals, and 1 c.c. of their blood 
injected intraperitoneally into fresh animals. Some of these then showed - 
temperature curves similar to those of the animals of the first passage. 

Temperature curve 8 (1) illustrates the results of another intraperitoneal 
inoculation of a patient’s blood into a guinea-pig. Here again the initial rise, 
the following drop, and then the secondary rise are clearly visible. In this case 
we were particularly fortunate, as the young patient had placed himself entirely 
at our disposal from the day he noticed the tick-bite, in case fever should 
develop. As a result the guinea-pig could be inoculated on the first cay the 
young man’s temperature went up. His was the earliest case we have ever 
been able to investigate. On the tenth day after inoculation, when the 
guinea-pig’s temperature had risen to over 104°, we placed three ticks (larve 
of Amblyoma hebreum) on the animal, in an effort to get these ticks infected. 
They caused no visible lesions. 

These ticks we owe to the kindness of Dr. P. J. du Toit, Director of 
Veterinary Services of the Union of South Africa, to whom we here extend 
our thanks for his help and advice. The ticks were reared at the Onderstepoort 
Laboratories, and given to us as “clean” ticks with no virus in them. 

No temperature records could be obtained during the five days following. 
Heart puncture was then performed, and a fresh guinea-pig inoculated with 1 c.c. 
of blood. Its temperature curve is given as 8 (2). At the same time part of 
the brain of the first animal was pulped, and also injected intraperitoneally into 
another fresh guinea-pig. This animal’s temperature curve is given as (8) 2 
also, these two animals constituting the second passage of the virus. Both 
8 (2) temperature curves are similar to the curve 8 (1), but the rises and falls 
are more pronounced, especially in the animal which had received brain- 
substance. 

This process of inoculating both brain-substance and blood into fresh 
animals was repeated three more times, and is illustrated in the figure, the 
arrows alongside which either “ brain’”’ or “ blood” is written indicating the 
actual procedure. Thus the four temperature curves 8 (3) belong to the third 
passage, the 8 (4) curves are the fourth passage, and in the curves 8 (5) we have 
reached the fifth passage of the virus. At this stage the experiments were 
broken off. 

This was the only instance in which we have so far tried to reach more 
than a second animal passage. It is noticeable that the height of the fever 
increased with every passage, and also that injections of brain-substance were 
more effective than injections of the blood. In other instances, however, where 
we also injected brain-substance of an animal of the first passage into fresh 
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animals, we have not been able to produce such marked rises in temperature. 
We feel inclined to ascribe the greater success achieved in this respect with the 
strain represented by the curves 8 (1) to 8 (5), to the fact that in this case we 
started with a specimen of blood taken on the first day the patient had fever. 
As tick-bite fever is such a mild disease, most cases reach the doctor at a late 
stage, and it will be difficult to repeat this experiment. 

We have not yet examined all the organs of these experimental animals 
microscopically. Macroscopically we found enlarged spleens, enlarged adrenals, 
very much injected meninges and certain other changes in all our inoculated 
animals. 

The temperature curves of our animals show great similarity to those of 
guinea-pigs inoculated with typhus fever virus, such as, for instance, those 
published by Arkwright, Bacot aud Duncan, (1919). They alsocompare quite 
well with those of the guinea-pigs of Spencer and Parker (1924), which were 
inoculated with the virus of Rocky Mountain spotted fever. 


DISCUSSION. 


We believe we have shown that it is possible to transmit the virus of South 
African tick-bite fever to guinea-pigs. The animals react with a rise of 
temperature. In one instance we have reached the fifth animal-passage. 
Passages seem to increase the virulence. At. post-mortems of our animals we 
have looked for, but have not found, evidence that perhaps some other, 
accidental, infection had been transmitted by us. Our temperature curves 
resemble those usually recorded, and regarded as typical, for guinea-pigs 
infected with Rickettsia-virus (typhusand spotted fever of the Rocky Mountains). 
On these, and other grounds, also given in this paper, we conclude that South 
African tick-bite fever is caused by a living virus of the Rickettsia-class. 
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THE use of human subjects for the standardization of scarlatinal toxin and 
antitoxin is associated with sufficient disadvantages to make the substitution 
of a laboratory animal desirable, even if only for preliminary testing. Since 
the discovery of streptococcal exotoxin, rabbits have been regarded as 
comparatively susceptible to it (Manfredi and Traversa, 1888; Marmorek, 
1902) and have been sensitized, killed and immunized with concentrated toxin 
(Roger, 1892; Laitinen, 1896). Following the introduction of the Dick test, 
many attempts were made to find an animal giving skin reactions comparable 
to those of human subjects, but possibly with the exception of the goat 
(Wadsworth, Kirkbride and Wheeler, 1926) and the white pig (Ando and 
Kurauchi, 1930; Rosenow, 1925), the results have been disappointing. 

Parish and Okell (1927, 1928) estimated the potency of scarlatinal anti- 
toxin by determining the least amount required to protect rabbits against 
lethal doses of streptococcus culture. Although toxin was tried in place of 
living culture, the doses required were inconveniently large. Hartley (1928) 
and Pulvertaft (1928) overcame this difficulty by using concentrated toxin, 
to which they found chinchilla rabbits adequately susceptible. 

In addition to their susceptibility to intravenous administration of scarlet 
fever toxin, chinchilla rabbits react to intradermal injection of toxin, and for 
the past two years we have supplemented our titrations of antitoxin on human 
subjects with similar skin tests carried out on rabbits. 

During the second year the protective value for rabbits of antitoxin was 
also tested against multiple lethal doses of concentrated toxin given 
intravenously. 

The following report deals with an attempt to compare the results 
obtained by skin tests on rabbits and on human subjects. A_ similar 
comparison between these skin tests and the lethal test on rabbits is in 
progress at the present time. 


DESCRIPTION OF TEST. 


The common laboratory stock of rabbits generally gave small or negative 
reactions to 5 and 50 skin test-doses of toxin, with the exception of black 
Flemish giants and black rabbits of mixed breed, which, although variable, 
often reacted strongly to 5 skin test-doses. New Zealand red rabbits and 
those of chinchilla type gave fairly intense and uniform reactions ; the latter 
could generally be obtained at the price of ordinary rabbits and were used 
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exclusively. To avoid the risk of dermatitis, the backs were very closely 
clipped by means of a special electric clipper with a “0000” blade, making 
depilation with barium sulphide unnecessary. 

Most of the chinchilla rabbits reacted to one human skin test-dose of toxin, 
and many to half that amount. The skin reaction to this material was 
apparently specific, since it could be neutralized by dilute scarlatinal antitoxin 
but not by diphtheria antitoxin, and the animals reacted negatively to corre- 
sponding dilutions of broth, heated toxin, and toxin detoxified by the addition 
of 0°35% formalin. ‘“‘Thermolabile’’-toxin prepared by the method of Ando 
et al. (1928, 1929, 1930) also gave positive reactions which could be neutralized 
by antitoxin. With full-grown rabbits 25 to 30 injections could be made, 
which permitted the testing of 4 or 5 antitoxins on the same animal; 6 or 
more rabbits were included in each test. A dilution of 1 : 80, 7. e. 40-50 skin 
test-doses per 0°1 c.c., or 8-10 times the human test-dose (5 skin test-doses = 
1 test-dose), was found to be a satisfactory test-dose of toxin. The toxins 
used contained 30—40,000 S.T.D. per c.c. before dilution. 

A series of dilutions was made of each antitoxin to be tested, 2 c.c. of each 
dilution were mixed with an equal volume of the toxin dilution, incubated at 
37°C. for 1 hour and injected intradermally just as in the human skin test 
(Dyer, 1928; McCoy, 1928). 

Each test included controls consisting of the lowest dilution of each 
antitoxin without the addition of toxin, 1 test-dose of toxin, and a comparable 
series of toxin-antitoxin dilutions of a standard antitoxin. The reactions 
were measured at 24 and 48 hours after injection; any animals reacting to 
antitoxin alone, or giving a reaction less than 20 xX 20 mm. to toxin alone, 
were discarded. 


COMPARISON OF RABBIT AND HUMAN TESTS. 


A comparison of the number of rabbits and human subjects giving 
interpretable readings is shown in Table I. The human subjects were selected 


TABLE I. 


Human subjects— Human subjects—excluding 
Rabbits. some used subsequent tests on same 
repeatedly. subject. 


Number of tests ; 278 ; 264 : 104 
Serum reactiontostandard . 5 ; 31 : 9 
antitoxin ‘ (2%) : (12%) : (8°6%) 
Tests giving no end-point . a.13 2. he 
in standard series : b. i} 43 b. 1} 42 28 
c. 23 o 5 
Dermatitis 4 3 : — : 
Not read : Died . Failed to return . 
9 9 


No. giving interpretable. 225 189 ; 67 
readings ; (81% ) é (716%) ; (65% ) 


a., incomplete neutralization with lowest dilution of standard antitoxin; b., very 
slight reaction to toxin; c., adequate reaction to toxin but complete neutralization with 
highest dilution of standard antitoxin. 
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according to their reaction to the Dick test, those giving a reaction less than 
15 mm. or more than 30 mm. in diameter being excluded, whereas the 
rabbits were used without any preliminary test. 

When satisfactory human subjects were used repeatedly, the percentage of 
interpretable results increased in spite of the larger proportion of serum reactors. 
About half the subjects were used more than once; the average was 4 times, 
and one subject was still satisfactory on the 13th occasion. Rabbits readily 
become sensitized to antitoxin and were not used more than once. 

Examples of the results obtained from the skin test in rabbits and human 
subjects are given below. 


1. Titration of antitoxin No. 5: 
Human test—20 satisfactory subjects ; average = 340 units. 
Rabbit test—38 satisfactory subjects ; average = 366 __,, 
Rabbit average differs from human by 12%. 


2. Comparison of rabbit and human readings for Washington Hygienic 
Laboratory antitoxin containing 40 units per c.c. : 


Rabbit (a)—Titrated against W.H.L. standard toxin— 
24 satisfactory subjects ; average = 43°4 units. 


(b)—Titrated against toxin No. 38— 
31 satisfactory subjects ; average = 49°6 
Average = 47°0 
Human—Titrated against W.H.L. standard toxin— 
189 satisfactory subjects ; average = 51 ‘i 
The average for rabbits is 8% less than for human subjects. 


LIMITS OF ACCURACY OF TEST. 


In order to determine and compare the limits of accuracy of the rabbit and 
human tests, several known dilutions of an antitoxin were titrated against 
the original undiluted material which was used as a standard for comparison. 
The discrepancy between the actual and expected results could thus be 
obtained for each dilution. 

The dilutions made from the original antitoxin were 1: 1°25, 1:2, 1:3 and 
1:5. Aseries of 1:50, 1: 100, 1:200 and 1:400 was made from each of these 
primary dilutions as well as from the original undiluted antitoxin. 

Two toxin dilutions, one for the human test containing 100 8.T.D. per c.c., 
and one for the rabbit test containing ten times that amount, were mixed with 
equal volumes of each of the antitoxin dilutions and incubated at 37° C. for 1 
hour, together with antitoxin and toxin controls. The rabbits were injected 
within 2 hours of the human subjects. Thus the human and rabbit test were 
identical in every respect except the amount of toxin used. Several repetitions 
of the test were necessary to obtain a sufficient number of readings for each 
end-point. The results are summarized in Table II. 

The rabbits gave consistently higher values for the antitoxin than the 
human subjects. This suggests that on the average the susceptibility of the 





‘PUMOLYOOMdAeu YZ YGLM POYIVUl LV SOLSUBJOOI OY, “SIy Fe QV “MUTE OHS « LZ 
pemmsvow Og: [ [013U09 UIXO], “[][] Wey} 1eSu0sys Aloyluyop pur ‘[] ueyy ceSu0sjs ALQYSYs 0q 0} [ pAvpuL}s oy} SMOYS ‘] ULXOZTQUY pezIpaypUTys 
Ajsnotaoid v ygim ‘Aouogod umouyun jo “[]] puv JT] surxoqyur jo uostredmog 


0 
is 
= 
= 
5 
7 
ce 
Z 
& 
) 
is 
Qa 
Z 
< 
a 
es 
iv] 
< 
Pe 
Fe 
i 
< 
= 
iS 
= 
f=} 
Fe 


OF? T 
urlx0} 
'0¢:T 

UIxoyqQUy 


OFT 
UIx04 
*OOL! T 
Urxo}(VUV 


OFT 
UIX0} 
* 006: T 
Uyx0z190V 


OFT 
UlxO} 
£008: T 
UIxopIpUV 


OFT 

UWIxXO4 

0S: T 
Urxo}v Gay 


OF? T 
uIx0} 
*OOT?T 
UXO FU 


OF: T 

Ulx04 
‘008: 1 
wIxoz QU 


OFT 
UIx0} 
*00G?T 
uIxop UY 





UIx0} OU 


09? T 
ULxXOJIQUY 


*T Urxowyuy 


UIx0} OU 


fog? T 
WIx0q1UY 


"TT Wxo WU 


| 


| 
| 
| 


| 
| 


| 


| 
} 





OF? 1 

UIX0} 

Og? T 
UIXOz JUV 


OF? T 

UIxO} 

SOOL:T 
UIXOJIFUY 


OF? T 
ULX0} 
* 006: T 
ULxO}QUW 


OF: I 
UIx04 
£008: T 
UIXOzIZUW 


UIx0} ou 


‘09? T 
UIxo}IQUy 


‘TIT wxoqyuy 


‘MoTqoolUl 19gjzV “SIY QF ‘TTL “ON FIQqQva Jo Youg Jo sMOIA OMT, 





TITRATION OF SCARLATINAL ANTITOXIN. 


No of 
Dilution, Subject. observa- 
tions, 


. Rabbit . 26 
‘ Pei) | 
26 
26 


26 


. Human. 


Mean of 
readings. 


TABLE II. 


Standard Standard Probable 
deviation of deviation of error of 
observations. mean, mean. Range of 4 times 
- the probab} 
/ Sa? ere. ? 


— / = oO, 
oe A/ u—1 eee "5 


133 26°0 17°5 
122 ‘ 26°6 179 
76 
20 


pe=0.67449G,,,, 
182 to 322 

139 to 283 

88 to 168 

49 to 105 

31 to 53 


129 to 202 


_ 
Bors 
ooo 


82 to 156 
60 to 102 
33 to 73 
26 to 46 


BOOS eo wom 
De wwsd 


Ranges overlapping aa A—B; 
Percentage decrease in potency 20 37 3 40 


Ranges not overlapping A-—C; A—D; A—E; B—D; D—E; C—E. 
Percentage decrease in potency 50 67 80 69 75 60 


rabbits was lower, and may be chiefly due to the use of too small a test-dose 
of toxin for rabbits, or to the contrast between the unselected series of animals 
and the carefully selected group of human subjects. 

Because of the greater dispersion of the readings on rabbits, a test on 10 
rabbits is equivalent to a similar titration on six human subjects, but since the 
latter gave 10% fewer satisfactory readings, 9 rabbits suffice to maintain this 
ratio—i.e. 50% more rabbits than human beings are required to give equal 
value to the two tests. 

Two antitoxins of different potency can be distinguished from one another 
by tests such as the one described, if the limits of variation of their means do 
not overlap. The limit of variation of the mean was taken as four times the 
probable error; 7. e. in any other similar test there would be practical certainty 
(142 chances to 1) that the mean obtained would fall within this range. It is 
evident from Table II that, for both rabbit and human tests, if one antitoxin 
has a potency at least 50% lower than the other, the two can can be distin- 
guished; but a difference of 40% or less cannot be demonstrated with the 
dilutions used in the titration. It should be noted that the interval between 
these dilutions is also 50%, and that this must be considered the limiting factor 
for the accuracy of the test. 

Presumably greater accuracy might be obtained by using a finer range of 
dilutions, provided a corresponding gradation in the skin reactions were still 
obtained. An attempt was made to verify this by repeating the test with the 
undiluted material (A), the 1: 1°25 dilution (B), and a 9:10 dilution (B,), using 
a range 1:150, 1:160, 1:170 1: 240 for the titration. In this test 
each dilution differed from the preceding by 10%. Such small intervals 
between dilutions are scarcely practicable for routine titrations, since many 
animals fail to give end-points within the range of the test. Nine of the 15 
rabbits used gave interpretable readings. 
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The result (Table III) shows overlapping of the limits of variation of A and 
B; hence a decrease in potency of 20% cannot be determined with certainty, 
even with a range of dilutions at close intervals. In this case the limiting 
factor in the accuracy of the test is the variability in size and intensity of the 
reactions in the skin. 


TABLE ITI. 


Standard Standard Probable 
deviation of deviation of error of 


eo eor - observations. mean. mean. , 
Dilution of No. of Mean of Range of 4 times 
the probable 


antitoxin. observations. readings. a? oC. <e 
c= anat oie, ed ee =0°67449 error. 
s "—1 gape pe=O' CHIE, 


re oan 
A. Undiluted . 9 eta 29°3 : 98 : 66 . 182 to 233 
B .9:10 ic Epigee 37°9 . 12°6 ‘ 85 . 147 to 215 
B. 1 


: é 9 : 
: 1°25 : 9 ieee. Seer 43 : 14 ; 9:4 . 148 to 222 


Although differences in potency of less than 50% could not be determined 
with certainty either by the rabbit or the human test with the number of 
subjects used, the mean of the readings for the undiluted antitoxin was 
greater than for any of the dilutions, even when they differed from it by less 
than 50%. It is generally assumed that two-thirds of the observations of an 
end-point will fall within the range, mean to, and that the chances are 2 
to 1 that the mean of additional observations will fall within this range. 
Consequently the chances are 2 to 1 in favour of differentiating between 
two antitoxins if the range of variation represented by the mean te of one 
antitoxin does not overlap the corresponding range of the other. If over- 
lapping does occur the chances are less than 2 to 1, and the test is not 
sufficiently delicate to demonstrate the difference in potency between the two 
antitoxins. 

In Table IV the range of variation of the mean +o is given for the 
dilutions of antitoxin which could not be distinguished from one another with 


TABLE IV. 


Difference in potency for Overlapping 
penned am ¥ aoa Dilution. Mean +c. Range of variation. ‘ial of 
decrease. variation. 
Human test : 
From Table IT 
A—B 20% 
B—C 37% 
C—D 33% 
D—E 40% 


Rabbit test : 

From Table IIT 
A—B, 10% 
A—B 20% 

From Table II 
A—B 20% 
B--C 37% 
C—D 33% 
D—E 40% 


163213 . 150tol76 . 

119+14 . 105t0133 . A—B 
81 . 73 to 89 . B—C 
53 4 : 46 to 60 . C-D 
36 ‘ 32 to 40 . D—E 


HoOQwWS> 


198 to 218 
168 to 194. 
171 to 199 
226 to 278 
184 to 238 
118 to 143 
67 to 87 
38 to 46 


HUOW> wher 
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certainty, because they differed in potency by less than 50%. When the 
difference in potency between two dilutions is 33% or more, no overlapping 
occurs for the range, mean +o, with either rabbits or human subjects. With 
rabbits there is overlapping for the 20% difference in both tests; but none for 
the 10% difference, probably due to chance. In the human test the absence 
of overlapping for the 20% difference may or may not be due to chance. 

The accuracy of the skin: titration is therefore within similar if not 
identical limits for rabbits as for human subjects, provided half as many more 
animals are used. By means of skin titrations two antitoxins,may be 
differentiated as to potency with practical certainty if one is at least twice as 
strong as the other, and in two instances out of three if one antitoxin is at 
least 14 times as strong as the other. Smaller differences in potency are not 
demonstrable by the method described. 

















SUMMARY. 









(1) A skin test on ‘chinchilla rabbits for the titration of scarlet fever 

antitoxin is described. — : 
(2) The results obtained by. this method are compared with those of the 

skin test on human subjects. 

(3) An attempt is made to determine the limits of accuracy of the test. 












We wish to acknowledge our indebtedness to Miss M. A. Ross, Department 
of Epidemiology and Biometrics, School of Hygiene, University of Toronto, : 
who has been responsible for the calculation of the results included in the 
tables. 
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In an earlier communication one of us (Fairbrother, 1930) reported the 
successful immunization of a horse with repeated intramuscular inoculations 
of increasing doses of filtrates containing the poliomyelitis virus. By means 
of the neutralization test the resulting serum was found to contain antiviral 
bodies comparable with those present in convalescent human and monkey 
serum. This observation was contrary to the view, accepted by many 
workers, that only in susceptible animals could neutralizing substances be 
produced by immunization with a particular virus; consequently further work 
was performed in order to substantiate the above-mentioned findings, and also 
to submit an explanation for the earlier discrepancies of other workers. This 
work deals with the results obtained (1) by further immunization of the horse 
whose serum was found to possess virus-neutralizing value previously, and 
(2) by the inoculation of similar doses of virus into an additional horse. 

The two horses were bled at various stages throughout immunization, and 
the antiviral content of the different samples of serum was evaluated by 
means of the neutralization test. 


Technique. 


The methods, described in detail in the earlier communication (loc. cit.), 
were adopted as far as possible throughout this work and will be only briefly 
mentioned here. 

The first horse (H. 1) received a further course of intramuscular injections, 
followed after a short interval by an intravenous course. 

The second horse (H. 2) was given a course of intravenous injections 
followed by an intramuscular one. ach course of injections consisted of 
filtrates of the spinal cords of monkeys etherized at the height of infection 
following intracerebral inoculation of the poliomyelitis virus. The doses 
increased from 50 c.c. of 0°5% strength to 200 c.c. of 20% strength. A series 
of 3 doses of each strength of virus was given, one every fourth day, with 7 days’ 
interval between each series. In no instance was any sign of reaction 
observed in either horse as judged by general behaviour, rectal temperature 
and pulse-rate. 


Neutralization Tests. 


Various amounts of serum and the supernatant fluid, after. centrifugaliza- 
tion of a virus emulsion of 5% strength, to give a total volume of 1 c.c., were 
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well mixed in small sterile tubes, placed at 37°C. for 14-2 hours, and left 
overnight at 4°C. After thorough mixing 0°5 c.c. of the contents of each tube 
was inoculated intracerebrally under ether anesthesia into separate monkeys 
(Macacus rhesus). In a test of this nature the virulence of the virus 
employed is a matter of the greatest importance, and particular attention has 
been paid to this point. The same strain of virus has been employed 
throughout this work both in the preparation of the filtrates for inoculation 
and of the emulsions for the neutralization tests. This strain (F1.M.) has 
been shown to be extremely active (Fairbrother, 1929 and 1930). The dose 
employed in the neutralization tests has been found to be at least 100 times 
the minimal infecting dose. This dose, on intracerebral inoculation, has 
reproduced the disease after an almost constant incubation period of 4—5 days. 
While slight variations have occurred, in a large number of monkeys definite 
symptoms have appeared invariably between 3-7 days, with an average of 4—5 
days, followed by prostration and death in a few days. 


RESULTS: HORSE I. 


The following table indicates the route and times of the various courses of 
inoculations received by this animal : 


TABLE I. 
Duration of course. Route. 
24.5.29 to 25.7.29 : Intramuscular (1st course). 
(Rest period.) 
(6) 23.10.29 to 23.12.29 : a GANG ee 
(Rest period.) 
(c) 16.1.380 to 24.3.30 : Intravenous. 


(a) First Intramuscular Course. 
The results of this course were described in our previous paper. 


(b) Second Intramuscular Course. 


After a resting phase of some 8 weeks inoculations by the intramuscular 
route were again given. Samples of serum collected before and after this 
course were tested, together with a sample from the final bleeding after the 
previous successful immunization. 


Neutralization Test I. 

0°4 c.c. of a 5% virus emulsion was mixed with 0'6 c.c., 0°4 c.c. and 0°2 c.c. 
of the various samples of serum, in the latter cases saline being added to make 
a total volume of 1 c.c. As control 0°4 c.c. of the virus emulsion was mixed 
with 0°6 ¢.c. saline. The treatment described above was then carried out. 
The results are shown in Table II. 

All samples of the serum contained antiviral substances. M.229 had a 
mild infection—marked paresis of the right leg with slight paresis of the left 
leg and of both arms with subsequent recovery, exhibiting, as residua, only 
slight weakness and wasting of the right leg. It may be mentioned that out 
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TABLE II. 


Amount, Animal. Result. 


ae é 0°6 c.c. (saline) : M. 241 : *(5 days) 
1.8.29 < TS Se, »: Sie 
0°4 c.c. .  M. 222 
0°2 c.c. . M. 223 
26.9. 29 oS exe. . M. 224 
0'4 c.c. .  M. 225 
0°2 c.c. . M., 226 
31.12.29 . O6c.. .  M. 227 
0°4 c.c. > ee es 
0°2 c.c. : M. 229 _—_. *(12 days) + 
* Poliomyelitis infection with the incubation period in brackets. In all cases the diagnosis was 


based on clinical and histological examinations. The latter were made in each case “by Dr. E. 


Weston Hurst. 
+ This animal, after a mild, though definite, attack, recovered (vide infra) 


Date of collection 
of serum. 


of some 280 monkeys infected with this strain of virus, this animal, M.229, 
is the only one which has recovered. This was doubtless due to some activity 
of the serum on the virus. In the case of serum of bleeding, 26.9. 29, the 
results were rather contradictory. When this sample was tested previously 
(see Table VII, previous paper), one animal died from an intercurrent infection 
7 days after the test inoculation without presenting any sign, clinical or 
histological, of poliomyelitis, while the other became paralyzed on the tenth 


day. In that experiment the monkeys were obviously in a poor state of 
health and this probably affected the result. This: point will be discussed 
later. 


Neutralization Test II. 


A sample of serum was collected also during this second intramuscular 
course and was tested separately in a similar manner to those described above. 
Owing to the scarcity of animals a control monkey was not included. The 
results are given in Table III: 


TABLE III. 


Date of collection Amount. Animal. Result. 


of serum. 

ft Fp) Sean 0'6 c.c. , M. 172 : 0 
0°4 c.c. 5 M. 173 : 0 
0°2 c.c. ; M. 174 ; 0 


All the animals survived. The conclusion appears justifiable that the 
serum contained active antiviral bodies, as the test virus has never at any period, 
before or since, given any indication of becoming avirulent. The results have 
been included mainly for consideration with those given in the previous table, 
as it is well realized that a test without a control, even though the conditions 
may appear to excuse this, is of doubtful value. 
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(c) Intravenous Course. 
After a rest of 3 to 4 weeks, inoculations were administered by the 
intravenous route. 


Neutralization Test. 

Samples of serum, obtained at the commencement and at the end of the 
course, were tested by the routine method and the results are given in 
Table IV: 

TABLE IV. 


Date of collection Amount. Animal. Result. 


of serum. 
. O'lc.c. virus emulsion . M. 264 . + (6 days) 
+ 0°4c¢.c. saline 

PSB OO 0°4 e.c. ; Se. Ga) 

0°2 c.c. ; Aue 5.8 

i Reser: Sets |b Dees 0°6 c.c. B6Os 3. O 
0°4 c.c. , Set. 4 

0°2°¢.c. ; Be) 5): Maes ©, 


The results obtained were irregular. Mention should here be made that 
the animals employed in this test were in poor general condition; at the time 
monkeys were very difficult to obtain and, as it was impossible to obtain others, 
these had to be utilized. This fact may probably explain the apparent dis- 
crepancies. The control animal became infected after a normal incubation ° 
period, while two others, M.254 and M.257, became infected after a definite 
prolongation of the incubation period. In each case, however, it was found 


that a smaller amount of each sample of serum neutralized the same amount 
of virus emulsion. This suggests that the appearance of the late infections 
might be explained by the low resistance of these two animals. 

It is thus seen that all samples of serum collected from this horse possessed 
definite antiviral properties, which were comparable with those present in the 
serum collected after the first intramuscular course (1.8.29). No attempt 
was made to titrate the potency of these respective samples. Consequently it 
cannot be said whether the response of the animal was increased by the subse- 
quent injections or was merely maintained more or less at the same level. It 
may be again mentioned that the serum of this horse, obtained before im- 
munization commenced, was tested several times and was never found to have 
the slightest influence on the virus. 


Curative Tests. 

Tests of a curative nature present many difficulties, and cannot be adopted 
as a routine test for the evaluation of the potency of a given serum. Fair- 
brother and Hurst (1930) have shown that when the virus is inoculated into 
the brain subtance, the virus is conveyed to the spinal cord by means of the 
axons of the nerve-cells in a manner analogous to the passage of tetanus toxin 
along the nerve-fibres. Consequently it is a matter of considerable difficulty 
to approximate the serum to the virus, which is directly implanted deep in the 
brain substance at the inoculation. Previous attempts in this direction had 
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been unsuccessful, but as it was considered that a positive result would definitely 
establish the value of the horse-serum a further attempt was made. Four 
monkeys received 0°004c.c. of a 5% virus emulsion intracerebrally ; one was 
reserved as a control, while the other three received several injections of the 
serum (1.8.29) by various routes at different intervals of time. These are 
given in the following table (V) : 


TABLE V. 
Animal Time serum given. Route and amount. Result 
M.174 . 24hrs. before virus emulsion . lec. T. + l0cc. V.+ 6ec.M. . + (6 days) 
Same time as __,, . : 10 cc. M. : 
24 hrs. after = 5 10 ¢.c. M. 
48 hrs. ,, ‘ ee ; 19 ¢.c. M. 
4days ,, o : 8 c.c. M. ‘ 
24 hrs. ,, ‘i ‘é - lec. T. + 10cce. V. + 10cc.M.. + (7 days) 
48 hrs. _,, je te : 12 c.c. M. ‘ 
Sametime as __,, ; . ee? 410 ce. Vo+ Voc. M. . 0 
24 hrs. after a : ; lec. T. + 10 cc. V. : 
48 hrs. ,, % “ : 10 c.c. M. 
4days ,, > ¥ 8 ¢.c. M. 


M. 185 + (5 days) 


Key.—T =intrathecally, V =intravenously, M =intramuscularly. 


In only one case (M. 181) did the serum have any effect on the course of 
the subsequent infection. The control animal and two others became infected 
within the normal range of incubation period. M. 181, which received a total 
of 2c.c. intrathecally, 20 c.c. intravenously and 25 c.c. intramuscularly, re- 
mained quite well. This anima], some two months later, was given 0°5 c.c. of 
a 5% virus emulsion and became infected after the rather long incubation 
period of 10 days, while the course of the disease, though eventually fatal, was 
slower than that usually observed. This alteration from the usual course of 
the disease might have been due to some residual effect of the serum on the 
animal tissues. 

Thus it is seen that curative tests may be successful but not with any 
degree of uniformity and are only of value as a method of confirming the results 
obtained by means of the neutralization test, which must remain the method 
of election for the evaluation of the antiviral content of the serum. 


RESULTS: HORSE II. 
The following table gives the times of the various courses of inoculations 
given : 
TABLE VI. 

Duration of course. Route. 
7.11.29—13.1.30 ; Intravenous 

(Rest period) g ves 
18.2.30—24.3. 30 : Intramuscular 


Intravenous Course. 
In an attempt to repeat the successful results recorded above a second 
horse received a similar course of intravenous injections, and samples of serum 
were collected before, during and after the inoculations. 
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Neutralization Test. 

0°4 c.c. of virus emulsion was mixed with 0°6 c.c., 0°4 c.c. and 0°2 c.c. of 
the various serum samples ; in the latter cases saline was added to bring the 
total volume to 1 c.c.. As a control, 0°4 c.c. was added to 0°6 c.c. saline. The 
usual treatment was carried out and the results are given in Table VII: 


TABLE VII. 


Amount. Animal. Result. 


0°6 c.c. saline : M. 217 : + (6 days) 


18.11.29 : 0°6 c.c. : M. 210 - + (4 ,, 
0°4 c.c. ; M. 211 : + (4 


19.12.29 : 0°6 c.c. : M. 212 : + (10 
0'4 c.c. : M. 213 : + (5 


20.1.30 ; 0°6 c.c. z M. 214 ‘ + (4 ,, 
0°4 c.c. é M. 215 : + (5 ,, 
0°2 c.c. M. 216 : +(6 , ) 


Except in one instance the serum had no effect on the course of the 
infection. In the case of M. 212 infection occurred after a prolongation of the 
incubation period of 10 days, which result may possibly have been due to the 
presence of some antiviral bodies in the serum. 


Date of collection 
of serum. 


Intramuscular Course. 


As in the first horse the main response was to inoculations by the 
intramuscular route, this method was again adopted. After a rest of some 3 
weeks the horse was given an intramuscular course of injections. Samples of 
serum collected before and after the course were examined in the routine way. 


Neutralization Test. 

0°4 c.c. of virus emulsion was mixed with 0°4 c.c. and 0°6 c.c. of serum ; as 
a control 0'1 c.c. of the virus emulsion was added to 0°4 c.c. saline; after the 
usual treatment 0°5 c.c. from each tube was injected into separate monkeys 
intracerebrally. The results are given in Table VIII: 


TaBLE VIII. 


Date of collec- Amount. Animal. Result. 


tion of serum. 
— ‘ 0'1 c.c. virus emulsion 

+ 0°4 ¢.c. saline. : M.264 : +(6 days) 

13.230 . 0°6 c.c. ? M.259 ; +(6 ,, ) 

0°4 c.c. ; M.260 : +(6 ,, ) 

1.4,30:. 0°6 c.c. : M.261 ; +(5 ,, ) 

0°4 c.c. ee M.262 ‘ +(5 ,, ) 


No evidence could be obtained that the serum in any way influenced the 
activity of the virus. In all cases the animals became infected after an 
incubation period of normal length. 

22 
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DISCUSSION. 


In view of some few irregular results which have occurred during this 
work, it seems necessary to consider the test by which the results were 
obtained before a discussion of the results can be attempted. This so-called 
neutralization test is the only specific method of general application available 
for the study of the potency of a serum against the poliomyelitis virus. It is 
not, however, free from disadvantages attaching to other tests of like nature. 
Little is known of the mechanism of the reaction, which is composed of a 
number of unknown factors—the potency of the serum, the virus emulsion, 
the animal inoculated and the time of contact required by the constituents 
before inoculation. These factors will be considered briefly in turn: 

(1) In these tests the object has been to determine the potency of the 
various samples of serum, and consequently the amount of serum added was 
varied in the individual tests, while the other factors were maintained as 
constant as possible. Variations (which could not be surmounted), however, 
were liable to occur. 

(2) With regard to the test virus, many workers consider that it is safer 
to use this in the form of a filtrate rather than as an emulsion, as in the latter 
there is the possibility that the virus may be contained in some small fragments 
of tissue and so escape the action of the serum. This would lead to a late 
infection. Against this is the fact that the filtrate has a lower virus content 
than the emulsion, as some virus is lost during the process of filtration. In 
these tests, given above, the emulsion was employed in order to submit the 
serum to as severe a test as possible. The possibilities of error, however, must 
not be entirely ignored. 

(3) The animal employed throughout these tests has been the M. rhesus. 
This is an animal highly susceptible to intracerebral inoculations of the virus 
emulsion. During the course of this and other work of a similar nature, it 
has been observed that when the monkeys employed were in a poor condition, 
irregularities tended to appear in the results. 

(4) The time required for contact between the serum and the virus 
emulsion in vitro is another factor demanding consideration. This question 
has never been satisfactorily worked out, the majority of workers having 
adopted an arbitrary working scheme which has generally proved successful. 
There are, however, no data which demonstate that a particular optimal period 
of contact exists. It is possible that a source of the irregularities may be 
found here. 

Thus it is seen that there are a number of variable factors concerned in the 
test, any one of which, under certain conditions, may interfere with the true 
interpretation of the results. One fact appears established; if neutralization 
of the activity of a powerful virus results, this can only be due to specific 
antiviral activity of the serum. On the other hand, if infection occurs after 
some prolongation of the incubation period, it is necessary to consider the 
above factors in evaluating the result. 

The results obtained by the inoculation of the two horses have been very 
different. The first horse produced a serum which had marked antiviral 
activity, while the other horse appeared to be quite refractory. This was not 
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altogether surprising, as it is a well-recognized phenomenon that in the 
immunization process with diptheria and tetanus toxins, horses vary consider- 
ably in their power of response. In some cases the response is very feeble. 
Variability in the response of horses appears to apply to immunization with 
viruses as with toxins, possibly to an even greater degree. The intravenous 
route for immunization with diphtheria toxin is well known to be unsuitable so 
far as antitoxin production is concerned. This may be the case with 
poliomyelitis immunization also, but will not explain the lack of success when 
an intravenous was followed by an intramuscular course. 

The results as a whole offer a probable explanation of the lack of success of 
other workers to demonstrate antiviral bodies in the serum of horses inoculated 
with the poliomyelitis virus. Moreover, they demonstrate conclusively the 
necessity of adequate control examinations on samples of serum collected at 
all stages of the process of immunization of the horse with the virus of 
poliomyelitis. 


SUMMARY. 


Two horses were given intravenous and intramuscular injections of filtrates 
containing the poliomyelitis virus. The responses of the two animals differed 
considerably. In one a serum with definite antiviral properties was produced ; 
in the other, no appreciable evidence of antiviral activity was obtained in any 
of the serum samples tested. 
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IN a previous communication (Brown and Broom, 1929) we showed the 
reduction of the negative charge of sensitized red cells to be an essential 
preliminary to serum hemolysis, and we considered that the inhibition of 
hemolysis in vitro by salts such as trisodium citrate is due to the effect of 
the polyvalent anions maintaining the high negative charge of the red cells. 
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To test these contentions further experiments were carried out on three 
different lines. 
1. The effect cn complement-fixation of reduced electrolyte concen- 
tration. 
2. The effect on serum hemolysis im vivo of maintaining a high 
negative charge on the red cells. 
3. The effect on phagocytosis of altering the charge of the reagents. 


(1) REDUCED SALT CONTENT IN COMPLEMENT-FIXATION. 


In order to see how far the electrolyte concentration essential for 
hemolysis was similar to that required for complement-fixation using bacterial 
antigens, the following experiment was performed. 

We are indebted to Dr. A. Felix for both the antigen (B. typhosus 901) 
and the “O” serum which were used throughout. 

Owing to the destruction of complement which takes place in dilute salt 
solutions even when made isotonic with glucose, the method was adopted of 
testing simultaneously the titre of complement after incubation in the various 
salt concentrations for 4 hour, and the number of doses of complement fixed 
by the antigen-antibody complex in the same time and concentration of salt. 
The concentrations of salt, varying between N/7 and N/50 and made isotonic 
with glucose, were used for preparing the antigen suspension and the dilutions 
of immune serum and complement. The dilution of antigen and immune 
serum remained constant throughout the experiment. 

The tubes contained one volume of complement, one volume of antigen, 
one volume of immune serum and one volume of salt solution; after 
incubation for 4 hour at 37°C., two volumes of sensitized red cells in normal 


TaBLE I.—Showing the Degree of Complement Fixation in Relation to the Titre 


of Complement in Varying Concentrations of NaCl. 


Dilution No 
of 15 lO 115 120 «©1225 = 1/30 -1/40 1/50 1601/80 -1/100—:1/120_ comple- 
complement. ment. 
: : : ; : ; 2 ie | aor ; 0 
N/7 NaCl jComplex. C . C 0 0 0 ees, JEP, | abate | Woes. 0 0 
iene 2 8. 8.0 ..0 0.00 <6. 620s ts. 9 
; : a ‘ 
N/I5 NaCl Ooo cca. aes 5 Os o Ror | eras | AME eae, Torte: | areee, ures | eae 
Control iso ee SOG Re Oe ee ee a 
° jé 
N/22 Nal oor TEES Sinan» Rites Fs Sie | Ries «avs, | Sivan, | Martie | hors, | area, ' ae 0 ae 
Re RO OR UB I Du Oe Oe. Be OR 
N/30 Na al Complex. C . 1/ 1/3 . Tr 0 ag | athe, | Wages: | Mes, 0 0 
ee ee ee) ee eo ee er a eo 
5Y 
N/40 Nac! Complex ee | te |) Aa | Pane, peas | Ware, | eerie (Memes, (Taper, | Seas 0... 9 
ee ee ae a oe en ee ee 
N/50 waci{ ome 3/4. 0 0 0 0 0... OS Br ee 0 0 
Contra. 178..-90' =O. .0 See pee ee Wee Oe Oe ee, 


C = Complete hemolysis. 
Tr. = Trace a 


tot 
he 
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saline to ensure sufficient electrolyte content for hemolysis were added, and 
the degree of hemolysis recorded after a further $ hour. 

The control tubes contained antigen but no immune serum. 

Table I shows the result. 

It will be noticed that there is a very definite diminution in hemolysis 
when the complement is titrated after incubation in lower concentrations of 
salt, the titre of the complement being reduced from 1 in 80 in N/7 NaCl 
to less than 1 in 5 in N/50 NaCl. The relation between the titre of the 
complement in the control tubes and the amount of complement fixed in the 
complex tubes varies with the concentration of the salt, and in the table it is 
clear that with increasing dilutions of the salt less complement is fixed, until 
at N/22 a point is reached where the two titres are identical. 

It would appear, therefore, that the amount of complement fixed by a 
bacterial antigen-antibody complex is dependent upon the concentration of 
electrolyte present. 


(2) INHIBITION OF HAMOLYSIS IN VIVO. 


From our in vitro experiments it appeared probable that a similar inhibition 
of serum hemolysis should be obtained in vivo by administering salts with 
polyvalent anions along with a hemolytic serum. 

The following experiments were therefore carried out, trisodium citrate 
being the first salt to be tested. A high titre hemolytic serum for mouse cells 
was prepared in rabbits by the repeated intravenous inoculation of increasing 
doses of the washed red cells of mice. The pooled serum of a number of 
rabbits was used throughout the experiments. 

Although sodium citrate administered intravenously shows a high degree 
of toxicity owing to interaction with the blood calcium, it is possible, as 
suggested to us by Dr. G. M. Findlay, to inject considerably larger doses if 
calcium lactate be given intraperitoneally at the time of inoculation. 

In this way a series of mice was injected with hemolytic serum and citrate, 
while a control series received serum and saline. There was no evidence of 
any definite inhibition of hemolysis in the mice receiving citrate. We are of 
opinion that this was due to the rapidity with which the citrate is converted 
into carbonate and eliminated, no available trivalent anions being left in the 
circulation to maintain the negative charge of the red cells and thus inhibit 
hemolysis. 

The work of Powis (1914) and Loeb (1924) on cataphoretic mobilities 
suggested to us the use of potassium ferrocyanide having a tetravalent anion, 
and which, according to Cushny (1928), is without physiological action. 

The inhibitory action of this salt on serum hemolysis im vitro was first 
determined. Using sensitized sheep’s cells and an excess of complement, a 
total concentration of 0°25% potassium ferrocyanide completely inhibited 
hemolysis. 

The in vivo action of this salt was then investigated. A 4% solution is 
isotonic and this was used for toxicity tests on mice, but 0°05 c.c. (¢.e. 2 mgm.) 
intravenously killed a 20-gm. mouse almost instantaneously. When diluted 
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eight times with normal saline, however, 5 mgm. produced no symptons even 
after repeated administration. 

' A dose of 0°015 c.c. of the pooled hemolytic serum intravenously was found 
to kill 20-gm. mice in less than half an hour in the majority of instances, 
the symptons being hemorrhages from the nose and mouth, ivory blanching of 
the ears and blood-stained urine in certain cases. 

In the following experiment the above dose of serum was administered 
intravenously to 40 mice. Of these 20 received 0°5 c.c. of 0°5% solution of 
potassium ferrocyanide mixed with the serum, while the remaining 20 received 
0°5 c.c. of normal saline as controls. The doses of ferrocyanide and saline 
respectively were repeated subcutaneously at half-hourly intervals on three 
occasions on the first day and subsequently once morning and evening for the 
next two days. , 

Table II shows the result of one of a series of experiments. Those mice 
which survived more than 76 hours appeared to have recovered completely, and 
were alive and well a month later. 


TABLE II.—Showing the Effect of Potassium Ferrocyanide in Inhibiting 
Hemolysis in vivo. 
Survivals. 

—_ 4 
2 hours. 24 hours. 76 hours. 

0°015 c.c. hemolytic serum + O°'5c.c. . 20mice . 18 . 17 . 8 

of 0°5% ferrocyanide 
0°015 c.c. hemolytic serum + O° cc. . 20- ,, Petes wrGerey “ausiemat | 
normal saline 


Observed difference | 
Standard deviation J 





45.:. 49> 63 


From this experiment it appears that the administration of potassium 
ferrocyanide has a definite inhibitory action upon specific serum hemolysis in 
vivo. From our observations it is probable that a more suitable method of 
dosage of ferrocyanide may be found and further work is being done on this 

oint. 
r It may be argued, however, that the above results were due to partial 
destruction of the hemolytic amboceptor by the ferrocyanide. The following 
experiment was therefore performed : 

3% red cells were allowed to interact for half an hour at 37°C. with 1, 2, 3 
and 4 M.H.Ds. of amboceptor in a total concentration of 1% ferrocyanide (i. e. 
four times the concentration necessary to inhibit hemolysis). A parallel 
experiment was carried out in which normal saline was substituted for the 
ferrocyanide. The different suspensions were centrifuged, the supernatant 
fluid drained off, and the sediment washed four times with saline. The cells 
were resuspended in saline to the original volume, and tested for the degree of 
sensitization by the addition of excess complement and incubation at 37° C. 

In the cases where 2, 3 and 4 M.H.Ds. of amboceptor had been employed no 
difference was observed in the times to complete hemolysis between the saline 
and ferrocyanide tubes; with 1 M.H.D. hemolysis was not complete in either 
tube after half an hour, but was present to the same degree in both. 
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This shows that sensitization of red cells takes place to the same extent as 
in saline in a concentration of ferrocyanide in excess of that used in the in vivo 
experiments, and hence no appreciable destruction of amboceptor can have 
taken place. 


(3) THE EFFECT OF CHARGE ON PHAGOCYTOSIS. 


Falk and Matsuda (1926), working on phagocytosis of pneumococci, came to 
the conclusion that artificial alterations of charge of the bacteria by lanthanum 
nitrate and sodium oleate markedly influenced the degree of phagocytosis. 
These authors do not describe their technique in detail but appear to have 
concentrated their attention upon the charge of the bacteria, and the degree of 
the P.D. of the phagocytes themselves is not recorded. 

We have therefore studied the effect of reducing the charge of both bacteria 
and phagocytes. The technique adopted is-as follows: The suspension of 
phagocytes was obtained in the usual way. This was mixed with equal 
volumes of a saline suspension of a 24-hour culture of Staphylococcus aureus, 
fresh normal human serum and the various concentrations of salt to be tested. 

The mixture was incubated in a water-bath at 37°C. for 20 minutes and 
slide preparations made and stained. 200 phagocytes were counted and the 
number of infected and non-infected cells recorded, no attempt being made to 
enumerate the actual number of cocci contained in each cell. From the number 
of empty cells present the ‘‘ opsonic index”’ under the different conditions was - 
calculated from the formula given by McKendrick (1914). 


TABLE. III.—Showing the Effect of Potassium Ferrocyanide on the 
Phagocytosis of Staphylococci. 
“ Opsonic index” 


No. of No. of non- 
: é leulated by Mc- 
infected cells. infected cells. Kendrick’s a ioe d. 


Saline control : 124 ; 76 : 1°00 
Ferrocyanide N/5000 . 116 84 0°89 
N/500 . 80 . 120 ; 0°53 
N/50 62 : 138 ‘ 0°38 
N/5 ; 36 3 164 ; 0°20 


Table III shows the result of one such experiment. It is here clearly 
shown that the action of ferrocyanide on the opsonic mixture is to decrease the 
degree of phagocytosis. To prove that this is not due to a direct destructive 
action of the ferrocyanide, phagocytes were exposed for half an hour to the 
action of the strongest concentration of this salt used in the experiment, 
washed four times with saline, and when compared with cells which had been 
exposed to saline only, phagocytosis by these treated cells was found to be 
unimpaired. 


DISCUSSION. 


The principle underlying fhe results obtained in complement-fixation with - 
reduced electrolyte concentration, inhibition of in vivo hemolysis and inter- 
ference with phagocytosis by ferrocyanide would appear to be the same 





310 J. C. BROOM AND H. C. BROWN. 


in the three cases, namely maintenance of negative charge of the reacting 
components. 

As regards complement-fixation, the amount of complement fixed is directly 
related to the concentration of sodium chloride present, and it is this which 
determines the degree to which the charge of the antigen-antibody complex is 
reduced. 

The rationale of the interference of phagocytosis by ferrocyanide would 
appear to be that the polyvalent anion acts by maintaining a high negative 
charge both on the phagocyte and on the sensitized bacteria, whereas in an 
opsonic test under normal conditions the negative charge of the bacteria is 
reduced by the sodium chloride. 

In the case of inhibition of hemolysis in vivo, it is much more difficult to 
obtain direct evidence that the results are due to an effect on the electric charge 
of the red cells of the animal. Potassium ferrocyanide, however, is stated to 
be without physiological action, but is known to exert a very definite action on 
the electric charge of particles, and it was for this reason that it was employed 
in our experiments. 

It seems only reasonable to assume, therefore, that the inhibition of hamo- 
lysis 7 vivo is associated with the same electrical conditions which we have 
shown to obtain in vitro; if this is so, confirmation should be possible by 
applying the same principle to the treatment of other pathological conditions. 


SUMMARY. 


1. The amount of complement fixed by sensitized bacteria depends upon 
the concentration of sodium chloride present. 

2. Potassium ferrocyanide inhibits serum hemolysis im vitro, and in vivo 
its administration to mice exerts a protective action against a lethal dose of ‘a 
hemolytic serum. 

3. This salt also markedly interferes with the phagocytosis of bacteria. 

4. We consider that all these effects are dependent upon the relative 
electrical charges of the reacting components. 
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THE present paper is concerned with a consideration of the effect of the 
local and general condition of the skin of mice, as modified by external 
treatment or diet, on the carcinogenic activity of tar. 


METHODS. 


With few exceptions, the general methods outlined in a previous paper 
(Watson and Mellanby, 1930) were employed. The technique used for 
experimentally modifying the local or general condition of the skin is described 
at the beginning of each section concerned. Unless otherwise stated the 
animals have been maintained on the control diet, consisting of powdered 
bread (4 parts), Sussex ground oats (1 part) and minced cabbage (1 part), 
mixed in an electric mixer and made into a uniformly moist paste with water ; 
this diet was fed daily and supplemented once per week with cod-liver oil 
0°25 c.c. per mouse and marmite 0°25 gr. per mouse. 

The standard method of applying the tar to the epilated skin of the animal 
has been outlined in the previous paper, although in comparative experiments 
it has been found advisable under certain circumstances to reduce the severity 
of the tar treatment of both experimental and control animals in order to 
magnify any differences that may possibly exist in the reaction of the mice to 
the experimental conditions. Loeb (1924) and Slye (1925) are both of the 
opinion, for instance, that if an irritant is strong enough it may overwhelm 
and conceal any inherited resistance to the development of cancer. Similarly, 
of course, it might be anticipated that any resistance induced by a particular 
experimental treatment would be masked if the conditions for inducing the 
tumours were too severe. Accordingly, certain sub-optimum conditions have 
been used on occasions in the present investigations. Possibly the easiest 
method of decreasing the severity of the treatment would be to use a diluted 
tar, although Hieger (1929) has shown that it is necessary to dilute an ether 
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extract of tar more than ten times before a significant decrease in the 
carcinogenic activity may be expected. If a diluent whose inertness in 
concentrations such as this were certain, could be found, such a method would 
probably be the most useful. In the present experiments, however, two other 
methods have been used. In some cases sub-optimum conditions have 
been produced by a modified tarring technique. This has consisted of the 


ae ee ee 


i SERIES A. SERIES B 
(TREATED WITH TAR BY (TREATED WITH TAR BY 
MODIFIED TECHNIQUE NORMAL TECHNIQUE 

FOR 120 DAYS) : FOR 90 DAYS) 


PERCENTAGES OF SURVIVING HAICE WITH SKIN TUMOURS 


20 180 240300360 : pac 782240 ~~ 300 60 720 180 240 300 
DAYS AFTER FIRST TREATMENT WITH TAR DAYS AFTER FIRST TREATMENT WITH TAR 
CHART I. CHART 2. 


Cuart 1.—Relative percentages of surviving animals with skin tumours in four groups of mice 
treated with tar by normal technique (curves A and B) and modified technique (curves 
C and D). 

Cuart 2.—The effect of treating skin of animals with (1) tannic acid (curve A), (2) petroleum 
ether extracts of mice (curves B and C), and (3) olive oil (curve F) before applications of 
tar. Curves D and H = control groups in series A and B respectively. 


rapid treatment of the mice with the tip of a camel-hair brush, without 
removing the animals from the box. It was found that a quick operator could 
complete the treatment of a box of mice while the animals were still huddled 
together in one corner. The treated area was approximately half the size 
covered in the normal way by the ordinary technique, and this, together with 
the diminished pressure given to the tarred brush, produced the sub-optimum 
conditions, the results of which are shown in Chart 1. 

Curves A, B, C and D show the relative percentages of animals surviving 
with skin-tumours in four groups of mice maintained under the same 
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conditions of diet, etc. Groups A and B were tarred by the normal technique 
twice weekly for 120 days and C and D by the modified technique for the 
same period. The experimental condition indices (E.C.I.*) were 25°3 and 22°5 
for the two groups tarred by the normal technique and 10°0 and 7°0 for those 
tarred by the modified technique. Considering the difficulties of this type of 
prolonged experiment, a fairly satisfactory agreement exists between the two 
series of results, especially in view of the fact that the four groups of mice 
were tarred during different periods and did not form part of any one 
experiment, although of course, the same tar was used in all cases. In 
all experiments a control group has been included in each series, as even 
when care is taken to eliminate sources of error, the similar reaction of 
different groups of mice to apparently the same tarring technique cannot be 
relied on with more than a moderate degree of certainty. Another method of 
decreasing the severity of the treatment with tar has been used in other cases 
by employing the normal technique but limiting the treatment to 90 instead 
of 120 days. Bang (1922) showed that under these conditions a tar which 
induced 100% tumours in four months gave a 70% incidence only. 


THE TREATMENT OF THE SKIN IN VARIOUS WAYS PRIOR TO THE TREATMENT 
WITH TAR. 


Any local or other treatment of the skin which facilitates the absorption of 
the carcinogenic agent through the cells of the epidermis, should, prima facie, 
speed up the malignant processes in one way or another. Such treatment has 
been tried by several workers more with the direct object of hastening the 
appearance of the tumours than of watching its effect on their subsequent 
development. Bartozek (1926), for instance, produced tumours in 68 days in 
mice whose skin was cleansed with ether before the application of tar, whereas 
in the untreated controls, 103 days elapsed before their appearance. T'wort 
and 'T'wort (1929) are of the opinion, on the other hand, that lanolin when 
applied to the skin in the intervals between synthetic tar applications may 
substantially delay the development of the tumours. 

It seemed to us possible that the carcinogenic properties of tar may depend 
on its solubility in fats, and because of the presence in the skin of such a 
medium, that the tar can penetrate and gain access to the reacting cells. 
The addition of suitable fluid fats to the skin in amounts not too great to 
lower appreciably the dilution increases the cancerous reaction. The treat- 
ment of the skin with petroleum ether, a typical fat solvent, on the other 
hand, under certain conditions may preclude or at any rate hinder the skin 
fat functioning in this way. These facts which will be dealt with briefly, are 
shown most clearly if the effects of the tar are watched for extended periods 
after the last application of tar. 


* The experimental condition index (E.C.I. value) of any particular group may be defined as 
the average of the percentage liabilities of the mice surviving without skin-tumours at the end of 
each arbitrarily chosen period during an experiment, to develop such tumours before the end of 
the next period. With the tar used in the present investigations and in an experiment lasting 
240-480 days, 60 days has been selected as a suitable period. The details of the determination 
of these E.C.I. values have been described in a previous paper (Watson and Mellanby, 1930). 
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1. The Local Treatment of the Skin with Tannic Acid and Certain 
Animal Extracts. 


The influence of certain fluid fats in facilitating the absorption of the tar 
and the failure of such a substance as tannic acid to produce any effect is 
illustrated in the following experiment. The most suitable fat to test in the 
first place seemed to be one closely allied to the skin fat of the animal. 
Such a fat was obtained by extracting the bodies of a number of mice after 
the removal of the alimentary tract with successive fresh batches of petroleum 
ether (B.P. 40°-60°C.) on a water-bath, After filtration the petroleum ether 
was removed by distillation, and the extract (a mixture of fats and fatty 
substances usually quite fluid at 70°F., the temperature of the animal room) 
used for the local treatment of the epilated skin of batches of mice before 
the treatment with tar. Four groups of mice (each group consisting of 70 
animals) were maintained under similar conditions of diet, etc., for a period 
of 360 days. For the first 120 days the animals were treated twice weekly 
with tar by the modified technique described above. Thirty minutes 
before each application of tar throughout the experiment, the mice in each 
group were treated by means of a camel-hair brush at the site of tarring, as 
follows: The animals of group A were treated with a 10% and later in the 
experiment a saturated solution of tannic acid in water, those of group B 
with a petroleum-ether extract of mice which had died with tar tumours, 
and those of group C with a similar extract of normal mice. The animals of 
group D received the tar applications only and served as a control. Chart 2 
(series A) shows the percentages of the surviving mice with skin-tumours 
during the experiment, Chart 3 the relative rates of growth of these tumours, 
and Chart 4 the numbers and size of the lung nodules (metastases to the 
skin-tumours or epithelial tumours of the lung) found in the skin-tumour 
bearing mice at the post-mortem examinations. 

These three charts show clearly that the progress of malignancy has been 
accelerated by the application of the homologous fats to the skin before the tar 
treatment. The tannic acid solution on the other hand seems to have exerted 
no influence, the group showing a close resemblance in its behaviour to the 
control. The experimental condition indices were 334 and 418 for the two 
groups treated with the animal extracts and 116 for the group treated with 
tannic acid, as compared with 100 for the control group (Table I). The 
primary skin tumours in the two fat-treated groups attained in many cases an 
enormous size. Frequently they showed a tendency to originate at a number 
of different points of the epilated skin, with the result that a tumour in some 
cases developed from as many as ten small isolated papillomata. The numbers 
and size of the lung nodules in the mice of the four groups were also of interest. 
It will be seen from Table I that the percentages of the tumour-bearing 
animals with visible nodules of the lung were 47 and 50 for the tannic acid 
group and the control respectively. In the fat-treated groups the corresponding 
percentages were 63 and 59. The relative numbers and sizes of these nodules 
are shown in Chart 4. The development in the group treated with the extract 
of normal mice (group C) was of a higher order than has been met with in any 
group during the present investigations. 
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Cuart 3.—The effect of treating skin of animals with (1) tannic acid (group A) and petroleum 
ether extracts of mice (groups B and C) before each application of tar, on the rate of growth 
of the skin tumours. Group D=control group (tar applications only). Tumours charted 
at 14 day intervals for 123 months. Hemorrhagic tumours shown by means of dotted areas. 
Scale , natural size. 
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2. The Local Treatment of the Skin with Olive Oil. 


The local treatment of the skin with olive oil thirty minutes before each of 
the bi-weekly applications of tar produces similar but less marked effects to the 
animal extracts employed above. Two groups each of 70 mice were treated 
with tar for 90 days, the animals of one group receiving local treatment with 
olive oil before the applications of tar, the other group receiving the tar treat- 
ment only. Chart 2 (series B) shows the percentages of the surviving mice 


<0°-e.. 


CHART 4. 


Cuart 4.—The effect of treating the skin of the mice with tannic acid (group A) and petroleum 
ether extracts of mice (groups B and C) before the applications of tar, on the numbers and 
size of the lung nodules of the tumour-bearing animals. Group D was treated with tar 
only. 


with skin tumours during the experiment in the two groups. The animals of 
the olive-oil treated group (curve F) showed a greater tendency to develop 
tumours than those of the untreated group (curve H). This is also illustrated 
by the experimental condition index, which was 175 in the oil-treated group 
compared with 100 in the control group (Table I). The rate of growth of the 
skin tumours was approximately the same in the two groups (charts not shown), 
but the percentages of the tumour-bearing animals with lung nodules was 72 
in the oil-treated group compared with 57 in the untreated group (Table I). 
The tendency of the skin tumours to originate at a number of isolated centres 
scattered over the epilated area was again apparent as compared with the 
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control group, although to a less extent than in the case of the previous experi- 
ment, where the skin was treated with the animal fatty extracts. 

It will be seen, therefore, that the application of fluid fats to the skin of the | 
mouse before the periodical treatments with tar shows a tendency to accelerate | 
the cancerous reaction. This is somewhat less obvious with such a fat as olive 
oil than with fats or fatty substances allied in their chemical make-up to the 
skin and body fats of the animals. The acceleration of the malignant processes i 
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Cuarr 5.—The effect of mantaining the mice on a diet containing a high proportion of butter 
(curves B and B,) on the reaction of the animals to the tar. Curves A and A, = control 
groups in each series. 










is shown by increased liabilities of the treated mice to develop skin-tumours 
and nodules of the lung. There is also a tendency for the skin-tumours to be 
initiated at a number of isolated points on the treated area of the skin rather 
than at a single point, which is typical, with the tar used in the present 
experiments, of the mice treated with tar only. 

Since the local treatment with fluid fats produced these accelerated effects, 
it appeared of interest to see whether a similar acceleration could be produced Hi 
by feeding the animals with diets containing a high proportion of fat during the 
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experimental period. It has been observed by Boyd and Roy (1929) that mice 
fed on diets containing vegetable ghee tend to assume a very characteristic 
appearance, the hair becoming straight and greasy and the animals appearing 
as if they had been dipped in fat. Moreover, it is known that the composi- 
tion of the body-fats can to a large extent be controlled by the type of fats 
with which the animal is fed. Accordingly, groups of mice were maintained 
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Cuart 6.-'The effect of treating the skin of 
mice with petroleum ether before each 
application of tar, on the subsequent rate 
of growth of the skin tumours. (‘Treated 
group=T4A). Tumours charted at 14 
day intervals for 17 months. Hemor- 
rhagic tumours shown by means of dotted 
areas. Scale ;', natural size. 
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on diets containing a high proportion of fat in the form of butter, the carcino- 
genic activities of the tar being watched over a long period, and the effects 
compared with those produced in groups of mice maintained on the control 
diet. These experiments will be briefly described. 


3. The Effect of Diets containing a High Proportion of Butter on the 
Carcinogenic Activities of the Tar. 
Two groups each of 70 mice were treated twice weekly with coal-tar by the 
modified tarring technique described above for a period of 120 days, and the 
development of tumours watched over a further period of 330 days. During this 
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time group A received the control diet (powdered bread 4 parts, Sussex ground 
oats 1 part, mixed in an electric mixer and made into a uniformly moist paste 
with water ; diet fed daily, and supplemented once per week with cod-liver oil 
and marmite). Group B received the same diet with added butter in amounts 
varying from 12°5 to 25% during the experiment. Under these circumstances the 
animais showed the characteristic coat effect described by Boyd and Roy (loc. 
cit.). This was particularly obvious during the first few months of feeding the 
butter diet, although as the experiment progressed the effect became less 
marked. It is probable that the absorption of the tar was facilitated by the 
general condition of the skin which had been induced through the medium of the 
diet. Correlated with this there was a general acceleration of the carcinogenic 
activities of the tar. This is shown by the increased numbers of animals with 
tumours throughout the experiment (Chart 5, series A) and an increased 
experimental condition index (244 compared with 100 for the control group). 
Further, 60% of the tumour-bearing animals in the butter-fed group contained 
lung nodules compared with 37% in the control group (Table I). 

This general effect of the acceleration of the carcinogenic activities of the 
tar when applied to mice fed on diets containing a high proportion of butter 
receives support from a further experiment, the curves for which are included 
in Chart 5 (series B). The experimental group mice received the same diet as 
the control, with added butter in amounts varying from 19 to 25% during the 
experiment. Sub-optimum conditions were produced by limiting the normal 
treatment with tar to 90 days. The curves in the chart show the acceleration 
of the carcinogenic activities in the case of the butter-fed mice (curve B 1) 
compared with the control group (curve A 1), and confirmation is obtained from 
the increased experimental condition index (157 compared with 100) and 
increased incidence of lung nodules (55% compared with 41%) shown in 
Table I. 

Evidence has been presented, therefore, in support of the hypothesis that 
the carcinogenic action of tar is dependent to some extent on its fat-soluble 
characteristics when applied to the skin of the mouse. The carcinogenic 
activities can be increased, for instance, by the local treatment of the skin with 
suitable fluid fats or fatty substances (such as a petroleum-ether extract of the 
tissues of mice), or olive oil, before each of the periodical treatments with tar. 
They can also be accelerated by so modifying the general condition of the skin 
by such means as maintaining the animals on a high butter diet that the 
absorption of the tar is facilitated. This, in effect, produces similar results to 
the purely local application of fluid fats, except that if the conditions favourable 
to the growth of the mice are in any way impaired, the acceleration of the 
cancerous reaction is shown more in the numbers of tumours produced than in 
their subsequent growth. (One result of this is shown in the comparatively 
small size of the lung-nodules of the butter-fed mice compared with those of 
the control group after the same period of time). . 

If the tar then gains access to the reacting skin-cells in this way, it might 
be anticipated that since the artificial provision of adequate transport facilities 
accelerates the cancerous reaction in the manner described above, the 
removal, even in part, of the fatty substances of the skin would exert the 
opposite effect, with a resulting slowing down of the carcinogenic processes. 
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There is, however, a lack of agreement in the literature on the effects of treating 
the skin with such a fat solvent as xylol or petroleum-ether before the periodical 
applications of tar. The results obtained, of course, might depend on the con- 
ditions employed, since in addition to dissolving fats, these solvents probably 
dissolve part at least of the carcinogenic substances of the tar. If, therefore, 
the conditions of treatment with one of these solvents are such as to remove at 
any rate a part of the superficial skin fatty substances and leave no trace of the 
solvent, it might be expected that the absorption of the tar, if applied 
immediately afterwards, would be delayed. If this is repeated before every 
application of tar, a substantial slowing-up of the cancerous reaction might be 
anticipated. If, on the other hand, the treatment with petroleum-ether is such 
as in no way to interfere with the skin fat, but merely to effect the solution of 
the carcinogenic active fraction of the tar and mechanically facilitate its spread 
into the tissues of the epilated area, then the opposite effect—the acceleration 
of the cancerous reaction—might be expected. Such a condition might exist if 
the tar were applied immediately after the solvent and before the latter had 
evaporated away. Although this latter possibility has not been tested, the 
general conception receives some support from the following experiment. 


4, The Local Treatment of the Skin with Petroleum-Ether. 


Two groups, each of sixty male mice, were maintained under standard condi- 
tions of diet, etc., for a period of 480 days. The mice of one group (T.4A) were 
treated with petroleum-ether (B.P. 60°-80°C.). This was applied to the 
previously epilated area by means of a cotton-wool plug as thoroughly as 
possible in order to remove, at any rate in part, the fatty substances present in 
the skin. Thirty minutes later, when the animals had recovered from the 
effects of the treatment and no traces of the solvent remained on the skin, the 
animals were tarred by the normal technique (7. e. under the optimum condi- 
tions). This treatment was continued twice weekly for 120 days and the mice 
were kept under close examination for a further period of 360 days. The 
animals in the control group (T. 4B) received the routine twice weekly appli- 
cation of tar without any preliminary treatment of the skin with petroleum- 
ether. The number of tumours was relatively less in the petroleum-ether 
treated group (experimental condition index 72 compared with 100 for the 
control group), and the difference between the two series is shown clearly in 
the progress of the tumours after the cessation of the tar treatment (Chart 6). 

Prior to the ninth month the tumours in the treated group for the most part 
appeared papillomatous in type, and quite insignificant in size compared with 
those of the untreated group. After this time the rate of growth became 
slightly more accelerated in the treated group, but with one exception (No. 920) 
where the tumour grew on the extreme edge of the treated area, the 
development of the tumours of the experimental group was poor compared 
with that of the control group. Further, the lungs of only 47% of the 
tumour-bearing animals contained visible nodules as compared with 61% in 
the control group mice (Table I). 
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SUMMARY. 


1. The carcinogenic activities of a sample of coal-tar were increased when 
each of its periodical applications to the skin of the mouse was preceded by 
treatment of the skin with certain fluid fats or fatty substances. A petroleum- 
ether extract of the tissues of mice was found to be particularly effective in 
producing this acceleration. 

2. In addition to a relatively larger number of skin-tumours and their 
accelerated growth, these increased carcinogenic activities were reflected in the 
greater number and development of the associated nodules situated in the lung 
tissues. 

3. The carcinogenic activities of the tar were also increased if the experi- 
inental mice were maintained on a diet containing a high proportion of fat in 
the form of butter. Under these conditions the coats of the animals assumed 
a characteristic fatty condition which probably facilitated the periodical 
absorption of the tar. 

4. The preliminary treatment of the skin with petroleum-ether under 
certain conditions was found to produce the opposite effect to that produced by 
the local treatment of the skin with suitable fluid fats. This was shown by 
a decreased number of skin-tumours and lung-nodules, together with inhibited 
growth in the former. 


We are indebted to the Yorkshire Cancer Research Council for the expenses 
of and means for carrying out this investigation. 
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THE capacity of the blood for holding carbon dioxide depends upon two 
factors, which may be briefly described as the available alkali and the degree 
of buffering. The relative importance of these two factors in maintaining 
acid-base equilibrium is revealed by the theoretical dissociation curve described 
by Barcroft, Dryerre, Meakins, Parsons and Parsons. Such a curve may be 
constructed if the carbon dioxide content of a sample of blood be known for 
each of two tensions of carbon dioxide together with the cH of the blood at 
one of these tensions. The theoretical curve differs from that obtained in the 
usual way only at tensions of carbon dioxide below 10 mm. Hg., in that it cuts 
the y-axis some distance above the origin, which distance represents the 
volumes per cent. of combined carbon dioxide that would be present were it 
not for the action of the released hemoglobin. The theoretical amount of 
combined carbon dioxide at zero tension is thus really an expression of the 
amount of base left over after the affinities of all the other (non-gaseous) acid 
radicles are satisfied, 2. e., the minimal amount of base available for combination 
with carbon dioxide. The theoretical curve also affords information as to the 
extra amount of carbon dioxide which can be taken up by the blood as a 
result of unit increase of cH (cH x 108). 

The results here, recorded were obtained during the course of an 
investigation into disturbance of acid-base equilibrium in childhood. Several 
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curves were constructed as described by Barcroft. It is not necessary here to 
refer to the details of the method of construction of such curves, as these are 
fully given in the paper already quoted. Three graphs are discussed, one 
from the blood of a “ normal child,” one from the blood of an infant suffering 
from congenital pyloric stenosis, and the third from the blood of a child 
showing symptoms of salicylate poisoning. 


NORMAL. 
The subject was an apparently normal boy, B. H—, 7 years of age. The 
following information was obtained in the usual way : 
CO, tension. CO, in vol. %. cH x 108. 
41°3 52°3 ; 3°16 
27°0 ‘ 43°3 
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Fig. 1 shows the theoretical curve as constructed, and that this curve 
agrees with that actually determined is well shown in Table I: 


TABLE I, 


CO, tension. CO, vol. % (determined). CO, vol. % (calculated). 
27°0 ‘ 43°3 A 43°3 
—-80°6 : 44°3 d 45°4 
41°3 : §2°3 j 52°3 
51°3 F 577 ‘ 57°0 
62°7 : 62°0 ; 62°4 
76°2 ‘ 66°6 : 67°4 
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In addition to the relationship between tension and volume of carbon 
dioxide, three other relationships can be determined from this curve : 

(1) The relationship between the volume of carbon dioxide and cH, 
expressed by the equation vCO, = c+b(cH x10), can easily be deduced, 
where c¢ is the distance between the origin and the point where the curve 
meets the y-axis (2. e., the amount of available alkali at zero tension of carbon 
dioxide), and b the degree of buffering representing the increase in the volume 
per cent. per unit increase of cH. The equation for this blood is graphed in 
Fig. 3, line 1; it falls almost but not quite within the normal limits given by 
previous workers. They give the variations for b from 6°5 to 10°1 and for c 
from 27 to 9. It has been pointed out that b and c generally vary inversely, 
that is, the greater the amount of available alkali, the less the degree of 
buffering. 

In the case of B. H—, b was 13°3 and ¢ was 10. 

(2) The relationship between pressure of carbon dioxide and cH is 
indicated in Fig. 4. The gradient of the graph indicates the resistance of 
the blood reaction to increased pressure of carbon dioxide. Thus, in the case 
of B. H— (line 1), an increase in the tension of carbon dioxide from 37 to 
64 mm. Hg. causes the cH to rise from 3 X 10° to 4 x 10°. 

(3) A modification of ‘Hasselbalch’s equation correlates both volume and 


pressure of carbon dioxide with the cH in the one equation, cH xX 10° = 
XX ee For normal blood X is recorded by Barcroft as 4°7. In the case 
- its value was 4°0. 


PYLORIC STENOSIS. 


In congenital pyloric stenosis the CO, dissociation curve is definitely 
Table II and Fig. 2A show the data obtained from the bloods 


of three infants suffering from pyloric stenosis : 


hypercapnic. 


TaBLE II. 
Percentage difference 
CO, tension in o from standard curve 
mm. Hg. O8, val. ® - at a tension of 


40 mm. Hg. 

448 , 67°8 
105°5 , 89°0 
17°8 ; 46'1 ee 
ne : ins + 25°5 
42°7 ; 67°6 
79°8 : 80°9 
23°5 y 53°2 ne 
ia oon is + 30°0 
42°1 ; 64°2 
90°8 ‘ 811 
15°3 : 46'8 se 
ie ied + 23°5 





CO, DISSOCIATION CURVE IN ACID-BASE DISTURBANCE. 


In all it is apparent that the volume of CO, at any tension of the gas is 
much higher than normal. This can be more readily seen from the figures in 
the third column of the table, which indicate the percentage difference between 
the COs, curves and the standard (Haldane’s) at a tension of 40 mm. Hg. 
According to Peters, Barr and Rule, the normal limits are + 9°8% to — 15°6%, 
while in a series of ten normal children we found that the limits were + 9°8% 
to — 89%. 
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In order to throw more light on the factors involved in the production of 
this abnormality a theoretical dissociation curve was constructed from the 
blood of a patient showing very marked symptoms. The infant, W. R—, 
aged 7 weeks, had the usual manifestations of congenital pyloric stenosis to a 
very marked degree—vomiting, visible gastric peristalsis, palpable pyloric 
tumour, very slow, shallow breathing and a COs: content (venous blood) of 
110 volumes per cent. The points used in the construction of the curve are 
as follows: 

CO, tension. CO, in vol. %. cH x 108%, 


28°5 ; 96°0 : i 
43°4 ; 103°8 ; 2°95 
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It will be seen from Fig. 2 that the curve is much higher and flatter than 
normal, indicating that the blood contains much more than the usual amount 
of carbon dioxide at any given tension. The slight flattening is due to the 
low degree of buffering, while the height of the curve is the result of the large 
amount of available alkali. In this case b is 9'1 and c 76°8. These results 
are apparently due to the impoverishment of the blood of its chlorine content. 
The chlorine ordinarily holds more than half of the total base of the blood, 
and the chlorine shift between plasma and corpuscles contributes significantly 
to the degree of buffering. The relationship between tension of carbon dioxide 
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and cH (Fig. 4, line 2), roughly parallel to but at a lower level, indicates that 
for the maintenance of any given cH the blood in this case must have a 
higher tension of carbon dioxide than normal. This is obviously associated 
with the slow, shallow breathing, although whether in the relationship of cause 
and effect it is impossible to infer from, the data given. The total carbon 
dioxide content of the venous blood was 110 volumes per cent. From line 2, 
Fig. 3, one sees that the cH must be about 3°6 x 10°, and from Fig. 4 that the 
tension of carbon dioxide must be about 56 mm. Hg. These last two findings 
are of course only approximate, since the curve has been constructed from 
fully oxygenated blood. The increased tension of carbon dioxide probably 
facilitates the dissociation of oxyhemoglobin and possibly minimizes the 
symptoms of anoxemia, since the tissues would thus receive a fair if not 
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entirely adequate supply of oxygen despite the depressed ventilation of the 


lungs. 
The value of X relating pressure and volume of CQO, to the cH is in this 
case 7°05. This high value tends to increase the cH for any given tension of 
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carbon dioxide. Thus, if X had had the normal value of 4'7, the cH at a 
tension of 43 mm. Hg. would have been 1°96 (pH 7°70) instead of 2°95 
(pH 7°53). This high value of X, together with the low degree of buffering, 
both tend to bring the cH more rapidly to normal limits when the tension of 
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carbon dioxide is increased. In other words, it helps to neutralize the effect 
of the excessive amount of alkali. 


SALICYLATE POISONING. 


The child, R. H—, aged 5 years, convalescing from a mild attack of 
rheumatism, had been receiving sod. salicylate gr. x with sod. bicarbonate 
gr. xx six times daily for four days when he suddenly became dyspneic. The 
CO, content of the venous blood was found to be 32°4 volumes per cent. A 
theoretical curve (Fig. 5) was constructed from the following data: 


CO, tension. CO, in vol. %. cH x 10°. 
36°3 j; 38°4 : 5°6 
20°0 ‘ 31°0 i 


This curve is definitely lower than normal. At a tension of 40 mm. Hg. 
the blood contains only 39°7 volumes per cent. of CO,, i.e. 24% below the 
standard. It is evident from the curve and from lines 3 in Figs. 3 and 4 that 
the lowness is due solely to the diminution in the degree of buffering (b = 4'4). 
The amount of available alkali (ce = 14°0) is well within the limits of normality 
already mentioned. The value of X relating pCOs and vCO, to the cH is 6:0, 
which is a further indication of the low degree of accommodation to increase 
in tension of COs. Were it not for the normal level of available alkali the 
curve would be very low and flat. The fault therefore lies in the buffering, 
and is possibly due to the toxic action of the salicylic acid on the biological 
processes constituting the so-called buffering mechanism. 


The authors desire to express their gratitude to the Medical Research 
Council, by whom the expenses of this work were defrayed. 
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In the hands of the majority of workers, laboratory animals, even when 
infected with enormous doses of vaccine lymph, fail to develop any lesions of 
the central nervous system comparable with those seen in man in post-vaccinal 
encephalitis. 

McIntosh and Scarff (1929) showed that the generalized lesions produced 
in rabbits after intravenous and intradermic injections of a highly potent virus 
were definitely vaccinial in character. These lesions consisted of a proliferation 


of the endothelial cells of the intima of capillaries and of the adventitia and 
intima of small arteries, resulting in the formation of a diffuse perivascular 
growth of cells each having a large, clear oval nucleus, acidophile nucleolus 
and very faintly staining cytoplasm with indistinct cell outline. Later (1930) 
the above writers described cerebral lesions in rabbits bearing a distinct 
resemblance to those of post-vaccinal encephalitis. Hurst and Fairbrother 
(1930) produced a “ vaccinal encephalitis’’ in monkeys by intra-cerebral 
inoculation of a potent virus, but found that ‘the essential lesion is a 
fibrinous hemorrhagic and polymorphonuclear meningitis ’”’ totally different 
histologically from that of post-vaccinal encephalitis in man. They found no 
definite evidence that vaccinia virus after intradermal inoculation is capable of 
exciting a true encephalitis. 

Lesions of the central nervous system have never been found after the 
intradermal inoculation of an ordinary vaccine lymph, and the experiments 
here described are of interest as the virus used was not highly potent, and had 
been used for the vaccination of hundreds of thousands of people without 
apparent ill-effect. 

The experimental monkeys were caught wild and used within a few weeks 
of capture. These monkeys (Cercopithecus albigularis) live in the woods, and 
unlike the common monkey in India rarely, if ever, come in contact with 
huinan beings in their homes and villages. When captured, each monkey 
was housed in a large cage 9 ft. long by 6 ft. broad by 7 ft. high which was 
kept scrupulously clean, and the diet consisted of grain, fruit and vegetables 
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such as they obtained in the wild state. Considerable experience of these 
monkeys in captivity showed that they maintained good health if given plenty 
of freedom in a large cage, the diet varied and strict cleanliness observed. 

The virus was obtained from a local (Dar-es-Salaam) strain of smallpox 
(Butler, 1921), and maintained by dermal passage in monkeys and calves. It 
had never been subjected to intratesticular or intracerebral passage, nor had it 
ever been passaged through a rabbit. The actual vaccine lymph used in the 
experiments was, except in a few cases, obtained from the first calf passage 
after a monkey passage; some of the vaccinations were done with a lymph 
obtained from the sixth calf passage after a monkey passage; reference to 
these exceptions will be made in describing the experiments. The pulp when 
collected from the calf was treated in the orthodox manner by emulsion with 
a 50% mixture of glycerine and water, 1 part of pulp to 4 of the glycerine- 
and-water mixture. No preservative other than glycerine was used. 

Technique.—The vaccine lymph was titrated by the intradermal insertion 
of 0'1 c.c. of suitable dilutions in the shaved abdominal skin of the monkey. 
After dilutions for titration had been made, the tube containing the vaccine 
lymph was frozen in a block of ice until the titre was known. Every series 
of experiments was preceded by titration of the lymph. 

When the titre was known, the M.I.D. (minimal infective dose) was 
calculated as follows: If, for example, a sample of lymph produced vesicula- 
tion up to and including a dilution of 1/200,000 but failed to give vesiculation 
in a dilution of 1/240,000, the titre was taken as 1/200,000. As 0°1 c.c. had 
been used for each intradermal insertion this quantity contained 200,000 
M.1.D., and a 1/10 dilution would contain 20,000 M.I.D. in 0°1 ¢.c. Such 
a method of estimation is rough, but sufficiently accurate for the purpose 
of the experiment. 

The experimental vaccinations were usually performed by one intradermal 
insertion of 0°1 c.c. of the lymph diluted in such a manner that this quantity 
contained the requisite number of M.I.D., but a few received their vaccinating 
dose by several insertions of this quantity. Attention will be called to such 
departures from the ordinary procedure when the experiments are described. 

The monkeys were killed at various periods, the earliest 9 days and the 
latest 21 days after vaccination. Immediately after death the brain and 
cord were removed and placed in formalin. In one series of animals the 
blood-vessels were washed out with warm citrate solution injected through 
the aorta, and the organs fixed in siti by the injection of formalin. 

Three controls, two of which received 0°1 c.c. of normal saline intra- 
dermally, were also examined. In none of the controls was any lesion of the 
central nervous system found resembling those to be described as occurring 
in many of the vaccinated monkeys. 

Portions for histological examination were taken from the frontal and 
occipital regions and from the Rolandic area of the cerebral cortex, also 
through the pons and medulla and the cervical, dorsal and lumbar regions 
of the cord. 

The skin response to intradermal vaccination.—The skin of the abdomen 
was selected for vaccination purposes, as it presents a large area of fine smooth 
supple skin in which the intradermal insertions are easily performed. These 





is dum btne dmQees cs ee Ce oe oom 


CHANGES IN THE CENTRAL NERVOUS SYSTEM OF MONKEYS. 331 


monkeys never pick the lesions, and, in fact, seem to be unaware of their 
existence. 

After the administration of 10 M.I.D. no appearance of reaction is seen 
until the 5th day, when a small raised papule the size of a large pin-head 
appears. On the 6th day this papule is larger and capped by a tiny vesicle; 
on the 7th day it is the size of a split-pea, there is slight surrounding 
inflammation and the vesicle has become pustular; on the 8th day it is still 
larger and hollowed out by the collapse of the pustule, the site of which is 
marked by a black scab. After this the lesion heals rapidly. 

After 100 M.I.D. a papule appears on the 5th day and the course of events 
is similar to that following 10 M.I.D., but the lesion is larger and the 
surrounding inflammation more marked. 

After 500 M.I.D. the papule appears on the 3rd day, vesicle on the 4th and 
pustule on the 5th. Marked inflammation surrounds the papule on the 4th day ; 
on the 5th the surrounding skin is inflamed, red and swollen, with an under- 
lying brawny induration. The centre of the pustule forms a black eschar and 
healing commences on the 10th to the 12th day. 

The course of events after 1000 M.I.D. is similar to that after 500, but the 
inflamation, induration and subsequent ulceration are much more extensive. 
Healing is slow. 

After large doses, such as 10,000 M.I.D. and over, a large area of skin 
surrounding the point of insertion is red, swollen and inflamed on the second © 
day ; there is no definite papule. A large central pustule, with frequently a_ 
number of surrounding pustules, appears on the 4th day; these pustules 
increase in size rapidly, coalesce, and form a large black irregular sloughing 


sore. Inflammation, cedema and subcutaneous thickening are very extensive 
and may spread over most of the abdomen. 
Generalization of the skin-lesions has never been seen. 


CLINICAL SYMPTOMS. 


After small doses, up to 500 M.I.D., the animals remain in good health and 
show no disability. One monkey, however, which had been used for titration 
purposes and received approximately 556 M.I.D. of vaccine lymph in 6 
insertions of 0°1 c.c. each, died on the 11th day after vaccination. It appeared 
to be in ordinary health for 9 days after vaccination, but on the morning of 
the 10th day its movements were slow and lethargic. On the morning of the 
llth day it made no attempt to move or get off the ground, but sat with 
drooping head and eyes half closed as if asleep; when disturbed it snarled, 
jumped a few paces and once more relapsed into a drowsy conditon. At mid- 
day it was still apparently in the same state, but when disturbed it only raised 
its head and slowly opened its eyes. At 2 p.m. it had fallen on its side, where it 
lay with closed eyes, pulseless, and breathing very slowly and faintly ; there 
was no rigidity of any of the muscles, pupils were equal but inactive to light 
and there was no squint; when roused and placed in a sitting posture it 
remained with drooping head and closed eyes, swaying slowly from side to 
side for about half a minute, when it’ toppled over and lay just as it fell. This 
drowsy condition deepened to coma and death in a few hours. 
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Two of the monkeys which received small doses were weighed daily 
and their temperatures taken. There was no loss of weight or increase of 
temperature. 

Of those which received moderate doses, 1000 to 3000 M.I.D., the majority 
showed no clinical symptoms. In 2 there was slight inco-ordination of the 
lower limbs, which appeared in one 24 hours and in the other 48 hours after 
vaccination, and passed off after the lapse of 72 and 96 hours respectively. 
Both of these animals were disinclined to use their legs during this period and 
sat on the floor instead of jumping about the cage. Recovery was complete, 
and they remained thereafter in perfect health. 

Large doses were variable in their effects. No specific clinical symptoms 
were seen, but the animals appeared dull and lethargic, some more than others. 


MACROSCOPIC APPEARANCE OF THE CENTRAL NERVOUS SYSTEM AT AUTOPSY. 


All the monkeys which received moderate and large doses showed some 
degree of adherence of the dura mata tu the cranial vault, varying from a slight 
stickiness in those which received moderate doses to dense and firm adhesions 
in those which received large doses. 

There was marked congestion of the meninges as well as of the hemispheres, 
pons, medulla and cervical cord; occasionally this congestion extended to the 
lumbar cord. Such adhesions and congestions were neve’. seen in the 
unvaccinated controls, or in those which received very small doses. 


Microscopic Appearances. 


For convenience of description the experiments may be divided into three 
series according to the dosage of vaccine lymph administered. 

First series—Animals which received small doses—10 M.I.D. to 500 
M.1.D. 

In 2 of the 7 monkeys in this series no abnormality of the central 
nervous system was found. In the other 5 monkeys some degree of thicken- 
ing of the pia arachnoid, proliferation of the endothelial lining of the small 
vessels or perivascular accumulation of cells was seen. These abnormalities 
varied in different animals, but in none were they large nor were they 
numerous. The meningeal thickening was patchy, and seen chiefly at the 
point of entry of a vessel into the cortical substance; it consisted of a 
collection of cells, the majority of which had a large round or oval nucleus 
though there were a few lymphocytes present. Plasma-cells and polymorpho- 
nuclears were absent. Proliferation of the endothelial lining of capillaries 
was seen in the meninges of the brain and cord; it was usually slight but 
occasionally marked. In the cortical substance sparse perivascular collections 
of cells were seen, consisting of 8 to 20 cells with indistinct cellular outline and 
a large clear round or oval nucleus (see Plate I). 


EXPLANATION OF PLATE 
Fig. 1.—A slight lesion, monkey No. 149. x 560. Cerebral cortex. Hematoxylin and eosin. 


Fig. 2.—A more marked lesion, monkey No. 140. x 560. Cerebral cortex. Hematoxylin and 
eosin. Fic.3.—An advanced lesion, monkey No. 163. Pons. x 128. Fie, 4.—The same. «x 560. 
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The myelin sheath of white fibres in the neighbourhood of the vessels was 
unaffected. 

The following table shows the details of the experiment. In this and in 
the succeeding tables a + sign signifies a very slight perivascular collection 
of cells, + + ++ a collection similar to that found in the human brain after 
post-vaccinal encephalitis, an intermediate number of + signs a reaction 
intermediate between the two. 


TaBLE I.—Small Doses. 
Meuhey number. shana. Day killed. penne oho 

137 ; 300 ; 10th i : neg. 

142 ; ; 100 : llth : ‘ - 

143 ‘ , 500 ; ; 11th very slight. 
*149 556 died 11th + 

152 : ; 10 ; ; 10th very slight. 
*158 about 17 9th : neg. 
*159 ; Ga. See ; : 9th ; : very slight. 


* These monkeys had been used for titration purposes. No. 158 was vaccinated with a lymph 
obtained from the 6th calf passage after a monkey passage. 
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Second series.—Animals which received moderate doses—1000 M.1I.D. to 
3000 M.1.D. 

Of the 10 animals in this series no microscopic change was found in the 
central nervous system of 5. In the remaining 5 changes similar to those seen 
in the first series were observed, but such changes were more common and 
generally more extensive. The perivascular cell collections in the cortical 
parenchyma were usually larger than in those of the first series, and in one 
instance a very slight perivascular demyelination of the white fibres was noticed. 


TaBLE I].—Moderate Doses. 
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4 p M.1.D. 5 : Perivascular cell 
Monkey number. administered. Day killed. accumulations. 


136 ; 3000 10th + 
*139 ‘ 1113 14th neg. 
*140 ; 1113 : 12th : ++ 
*141 ; 1113 ; 10th : neg. 

144 ‘ 1000 11th , ‘a 

154 ; 1000 ' ; 21st ‘ , De 

160 , . 1000 ; ; 10th ‘ . neg. 

161 ; ; 1000 : 14th ; ‘ ++ 

166 1000 10th ‘ ; ++ 

167 ; é 1000 ; : 14th é : neg. 


* These monkeys had been used for titration purposes. Nos. 160 and 161 were vaccinated with 
a lymph obtained from the Gth calf passage after a monkey passage. 
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Third series.—Animals which received large doses—10,000 M.I.D. to 
600,000 M.I.D. 

In each of the 12 animals of this series lesions consisting of perivascular 
cell collections, thickening of the meninges and endothelial proliferation of the 
walls of small vessels were observed. These lesions were much more widespread 
than in the former two series, being observed in all portions of the central 
nervous system. In 9 of the animals the perivascular collections were small 
though more numerous than in the first or second series; in two they were 
larger, and in one they approached in number and dimensions those seen in 
post-vaccinal encephalitis. The predominating cell was, as before, one with a 
large clear round or oval nucleus, though occasional lymphocytes were observed, 
but there were no polymorphonuclears or plasma-cells. Slight perivascular 
demyelination was observed in specimens from 4 of the monkeys. 


TaBLE III.—Large Doses. 


M.I.D. Day killed. Perivascular cell 
administered. accumulations. 


MS a ee A + 
Be OS a ++ 
ee i a ee + 
Wi a ++ 
ee | ee le 
oss ee a ee + 
We >. 3 a a a ++ 
BOR ig NO ee MN oc a + 
a. ee ++ 
Me Re ++ 
es SR ks eR + 
8 + 


* The vaccine lymph used for these was obtained from the 6th calf passage after a monkey 
passage. 


Monkey number. 


DISCUSSION. 


These experiments show that after intradermal inoculation of vaccine lymph 
lesions are found in the central nervous system of a large percentage of this 
variety of monkey. The lesions consist of a proliferation of the endothelial 
lining of the capillaries, a cellular infiltration of the pia arachnoid and a 
perivascular infiltration of the parenchyma in the neighbourhood of vessels, 
the predominating type of cell being one similar to that described by various 
observers in post-vaccinal encephalitis. Slight perivascular demyelination was 
seen in a number of instances. 

Although lesions were found in a larger proportion of monkeys which 
received small doses of lymph than in those which received moderate doses 
the number examined was small, and some such irregularity might be expected 
when working with living animals, in whom individual resistance to infection 
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varies. A comparison of the three tables shows, however, that when the 
quantity of lymph administered is increased the lesions tend to increase in size 
and frequency. 

The question arises, are these lesions the effect of the virus of vaccinia, or 
are they produced by some other agent or combination of agents ? 

Ledingham (1924) showed that the cutaneous lesions following vaccination 
were primarily in the small blood-vessels. McIntosh and Scarff (1929) found 
that the early vaccinal lesions in the internal organs are in and around the 
small blood-vessels. Reynals (1929) also found that the vaccinal lesions in 
the internal organs were associated with the small blood-vessels. Ledingham 
and Barrett (1929) found evidence that vaccinia virus will produce some 
degree of necrotizing effect on vascular edothelium and reticulo-endothelial 
tissues generally. It seems to be generally agreed that the brunt of the 
attack by the virus is borne by small blood-vessels. In the experiments 
described in this paper the lesions found in the central nervous system were 
of the nature of a reactive change in and around the small vessels, and it is 
difficult to evade the conclusion that the virus of vaccinia was responsible for 
them, as its responsibility for similar lesions in other organs is not disputed. 

It may seem strange that such lesions have been founded after the intra- 
dermal injection of a vaccine lymph of only moderate potency when other 
observers have failed to find them after intravenous and intracranial injections 
of large quantities of a highly potent virus. The explanation is probably that 
this monkey, Cercopithecus albigularis, is more highly susceptible to the 
effects of the virus than that used by others workers. The variation in the 
susceptibility of different animals to the effects of bacteria is well known, and 
it has been found recently that different species of monkey show different 
degrees of susceptibility to the virus of yellow fever. The monkey with which 
these experiments were done lives in the woods and only comes into the 
haunts of man to raid a cultivated patch ; it is therefore very unlikely to have 
acquired human diseases or developed a resistance to them. 

Failure to obtain cerebral lesions in domesticated rabbits, except with a 
highly potent strain of virus, is not surprising. This animal is much more 
resistant to the virus of variola than the monkey ; it is well known that when 
a strain of variola is transferred direct from a human being to a rabbit the 
resulting skin reaction is so slight that it may pass unnoticed ; a similar virus 
produces in the monkey distinct though localized pustulation. 

The perivascular cell collections seen in these experiments are similar to 
those described as occurring in the brain of human beings who have died after 
vaccination or after smallpox, and in the internal organs and occasionally the 
brain of rabbits after vaccination, and it is difficult to accept the postulate that 
an unknown virus capable of being stimulated into activity by vaccinia is 
present in the brain of man, domesticated rabbits and wild African monkeys. 

The occurrence of similar lesions after influenza, measles and other virus 
diseases should not be allowed to confuse the issue. Our knowledge of the 
viruses is very slight, and I venture to suggest that when our knowledge 
increases it will be found that a similar histological picture can be produced 
by a group of these agents, the individual members of which are distinct, just 
as different bacteria can cause a pyogenic reaction. 
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CONCLUSIONS. 


1. Perivascular lesions have been found in the central nervous system of a 
large number of wild African monkeys after intradermic inoculation with 
vaccine lymph. 

2. The severity of the lesion depends to some extent on the dosage. 

3. The histology of the severe lesions is similar to that of post-vaccinal 
encephalitis in man. 

4. This supports the view that vaccinia is the cause of post-vaccinal 
encephalitis. 


I am indebted to Prof. J. McIntosh, Director of the Bland-Sutton 
Institute of Pathology, for his kindness in giving me facilities for examining 
the pathological material from these experiments, and to Dr. R. W. Scarff for 
assistance in this work. ; 
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In a previous paper (1929) it was shown that vaccinia virus may be 
cultivated using tissue-culture methods with chick embryo, as described by 
Carrel and Rivers. While considerable multiplication in virus could be 
obtained it occurred irregularly, and repeated experiment failed to provide an 
explanation. In these earlier experiments a strain of virus adapted to rabbit 
dermis was used for the most part, but evidence was obtained that less 
irregularity occurred when a testicular strain was used. Cultivation succeeded 
through four generations in subculture. It was hoped that the technique 
described by Maitland and Maitland (1928) and Maitland and Laing (1930) 
would solve the difficulties presented by irregularities of increase and by 
checks in serial passage. The experiments described in this communication 
were undertaken to test the value of their method in parallel with our own 
tissue-culture experiments. 








G. H. EAGLES AND D. McCLEAN. 


EXPERIMENTAL WORK. 


The tissue-culture technique involving the use of chick embryo was 
described by us in 1929. The method used by Maitland and Laing (1980) 
was followed in detail. In order that the two methods should be investigated 
under as closely similar conditions as possible, the experiments were run in 
parallel. Both dermal and testicular strains of virus were used in parallel by 
both methods. Cultures were titrated intradermally on rabbits shaved the 
previous day, readings being recorded after three to seven days. The period 
of incubation of culture flasks varied from three to seven days. For 
convenience the results of the tissue culture have been omitted, since they were 
similar to those recorded in our previous paper. Results obtained by the 
Maitland method with dermal virus are shown in Table I and those with 
testicular virus, in Table II. 

A number of experiments were made using the supernatant fluid obtained 
by mixing finely-minced rabbit kidney with Tyrode’s solution and centrifuging 
until a clear supernatant was obtained. This supernatant examined by 
hanging drop contained only a trace of cell débris. This was used in place of 
minced kidney tissue and has been designated “‘ kidney extract.” The other 
ingredients of the culture remained as before. The results with this extract 
and testicular virus are shown in Table III. 


DISCUSSION. 


Experiments in which Tissue-Culture Methods were Employed. 


Fifty-four experiments were made using chick embryo in tissue culture. 


Of these 17 were with a dermal strain of virus and 34 with a testicular strain. 
The results of these experiments were quite comparable with those obtained 
in our earlier work. Irregularity in increase both in individual flasks in any 
experiment and in subculture from one experiment to another was a marked 
feature. 

It seemed probable that the variations in pH (7°2 to 8°4 or more) of the 
coagulum which took place in these experiments during the period of the 
incubation might be responsible for the irregularity in virus increase. It was 
found that when the flasks were placed under a bell jar in an atmosphere 
of alveolar air the pH remained constant at 7°2 during incubation. The 
same irregularity was, however, present, and we concluded that a considerable 
change in pH does not effect the virus in culture. 

The effect of incubation under aérobic and anaérobic conditions was 
investigated, again using tissue-culture methods with chick embryo. As 
pointed out by Maitland and Laing (1930) the virus does not survive under 
anaérobic conditions. 


Experiments with the Maitland Medium. 


Four strains of virus were used for these experiments, viz. a dermal 
culture strain that had been successfully subcultured in chicken embryo, a 
strain whose reaction for rabbit dermis had been exalted by testicular extract, 
a strain of vaccine lymph that had been passed through rabbit testicle and 
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later cultured by Maitland and Laing, and a strain of neuro-testicular virus. 
It seemed advisable to us to explore the possibilities of artificial culture of a 
dermal strain in view of the practical application of vaccinia culture to mass 
production of vaccine virus, since the lesions produced by dermal virus are 
much less severe than those resulting from testicular virus. 

A careful analysis of Tables I and II shows that marked irregularity in 
increase of virus is obtained also with the Maitland technique. This i 
obvious from analysis of individual flasks in a single experiment, and also when 
the experiments as a whole are considered. In many cases individual flasks 
have shown excellent increase, but only occasional experiments show uniform 
results. Many experiments gave completely negative results, notwithstanding 
satisfactory controls. This was disappointing in view of the regularity in 
increase obtained by Maitland and Maitland (1928). 

In view of the importance of obtaining a regular increase for mass 
production purposes: and for the study of immunity to vaccinia by “in vitro” 
methods, repeated attempts were made with this object in view. It has not, 
however, been possible, in our experience, to obtain a regular increase. 

Many attempts were made to solve the problem of irregularity. Tables I 
and II show clearly that the strain of virus is not important. In order that 
conditions might be as nearly comparable as possible, the same tissue and 
serum were used in parallel experiments with different strains of virus. That 
adaptation of virus to artificial culture does not explain irregularity, is shown ° 
when a dermal strain previously cultivated in chicken embryo was used in two 
experiments with Maitland medium (Sec. I of Table I). Not only did 
irregular increase result, but the virus failed to survive in the second sub- 
culture. Passage virus, grown successfully on Maitland medium, did not take 
with regularity after three successive subcultures. 

Fixation of virus to tissue was also investigated. Experiments were set 
up in parallel, the fixation period being spent at room, incubator and cold room 
temperatures. The time of fixation was varied from ten minutes to four 
hours. No evidence was obtained that variations of time or temperature 
influenced the result of subsequent incubation. 

It occurred to us that during incubation some substance with antiviral or 
virus-neutralizing properties might be elaborated in negative flasks. Culture 
virus with known activity was mixed with supernatant fluid from a negative 
flask of an experiment and tested intradermally on rabbits. The presence of 
virus in the positive flask and the absence in the negative were shown by 
inoculations on the same rabbit. No indication was obtained that any 
neutralizing or antiviral substance was present in the negative flasks. 

At first, after obtaining blood from the rabbit, the animal was killed by 





EXPLANATION OF TABLES. 


. The tables are divided into sections for ease of reference and to separate groups of cultures 
with different strains of virus. 
The serial numbers of experiments show their chronological order. The letters (a, b, ¢) 
indian parallel cultures with different strains of virus. 
3. “Titre of culture just before incubation” represents the amount of virus, measured by 
rabbit intradermal inoculation, in each flask of an experiment at the time of setting up. 
4, < indicates “ end-point not reached.” 
5. Successive series of subcultures are indicated by bracket. 
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chloroform anesthesia. It was thought that saturation of kidney tissue with 
chloroform might exert a harmful effect when used as culture medium. 
Later ether was substituted exclusively. Strict attention was paid to the 
maintenance of a moist atmosphere and absolute regularity of temperature in 
the incubator chamber. All flasks were placed in the incubator in such a way 
that they were under identical conditions. No explanation was found here 
for the persistent irregularity in virus increase. 

Incubation of individual flasks in an experiment varied from three to seven 
days. In view of the marked irregularity in increase obtained, it is difficult to 
arrive at a definite conclusion as to the effect of different periods of incubation 
on propagation of virus in a set of cultures. Good increase has been obtained 
on the third day of incubation, and results after four days would seem to be 
as good as those obtained after longer periods of incubation. When fourth- 
day results are compared with sixth- and seventh-day results in an experiment, 
these seem to indicate that the longer periods of incubation may lead to 
deterioration of virus. 

Subculture Experiments. 


Several attempts have been made to secure subculture in series. As 
shown in Tables I] and II, where such series are indicated by brackets this has 
been obtained. But we have not been successful through more than four 
generations. As previously pointed out, it had seemed to us of greater 
importance to obtain regularity, especially in view of the fact that virus 
cultured by the Maitland method remains viable for long periods (Maitland 
and Laing, 1930). Consequently on several occasions (as in Table II, Sec. II, 
Expt. 14), though subculture might well have been obtained, it seemed 
advisable to us to revert to the original culture virus supplied to us by 
Maitland. In other instances subculture yielded entirely negative results, 
though the viability of the virus used was controlled by titration (Table I, 
Sec. I; Table II, Sec. I, Expts. 5,6). As shown in Table I, Sec. II, No. 23, it 
was sometimes impossible to continue a series in subculture because of 
contamination. 

Animal Titration of Virus, 


Rabbits were shaved 24 hours previous to inoculation. 0°2 c.c. of virus 
dilutions to be tested were given intradermally and the reactions read over a 
eriod of seven days. Results shown in this communication were recorded on 
the fifth day following inoculation, since in our experience later readings have 
been unreliable owing to the frequent appearance of generalized vaccinia. 
This has been observed frequently on the sixth and seventh days. The first 
indication of generalization usually appeared in the form of late lesions at the 
site of injections which had hitherto remained negative. At the same time 
careful examination of the shaved area showed the presence of minute early 
vaccinial lesions at sites other than those inoculated. 


Experiments with Kidney Extract. 
Vaccinia virus may be cultivated in a medium containing only a trace of 
tissue débris, as shown in Table III. A strain of virus which had been 
cultured successfully in the Maitland medium was used (Table II, Sec. III, 
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No. 12a). While results from this method were not more uniformly successful 
than by the Carrel or the Maitland method, they are of interest in view of the 
repeated efforts to cultivate viruses in a medium free from living tissue. It is 
quite probable that the small quantity of cell débris contained in the extract 
exerts an influence on the survival and multiplication of the virus. Later 
experiments with a filtered extract should make this point clear. While the 
number of experiments made is not sufficiently great to justify definite 
conclusions, it would appear that the shorter periods of incubation are more 
favourable (two to four days), and that the virus deteriorates at. longer periods. 

If this method should prove successful on further trial it has the advantage 
that no grinding of the inoculum is necessary before titration, the virus fluid 
is free of tissue débris and the technique is simple. 


Comparison of Results by Carrel and Rivers’s and Maitland’s Methods. 


Results obtained through 54 experiments using Carrel and Rivers’s 
technique with chick embryo were in every way similar to those published by 
us in 1929. Great irregularity in increase of virus was obtained. When 
these results are compared with the 59 experiments shown in Tables I and 
II, it is found that approximately 50% of the total number of flasks cultured 
showed an increase in virus by either method. In a number of experiments 
using the Maitland method, larger increases were obtained than at any time 
by Carrel and Rivers’s method. 

Culture virus obtained by either method gives typical vaccinial reactions | 
both by scarification and intradermal inoculation. Since the experiments 
were done in parallel, the conditions for comparison are as nearly ideal as 


possible. In our experience the Maitland method appears to be the more 
satisfactory, in that it is simpler and the culture virus obtained thereby 
remains viable for long periods.in the cold. As has been pointed out, Carrel 
and Rivers’s culture virus rapidly deteriorates. 


CONCLUSIONS. 


Vaccinia virus has been successfully cultivated in Maitland’s medium and 
in Carrel and Rivers’s medium. 

Multiplication of virus by either method occurs irregularly. No explana- 
tion of this has been found. 

Multiplication has succeeded in subculture, but not through more than 
four in series. 

Vaccinia virus has been cultivated in the supernatant fluid from minced 
rabbit kidney and Tyrode’s solution. This fluid contains only a trace of cell 
débris. ' 

A comparison of the Maitland and Carrel and Rivers’s methods shows that 
the results are very similar. 

Certain advantages of the Maitland method are discussed. 
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REcENT work has established on a firm basis the idea that the vascular 
reactions exhibited by the skin in response to injury are associated with the 
liberation of a chemical substance of the nature of histamine (Lewis, 1927). 
However, the chemical changes necessary for the full development of an acute 
inflammatory reaction are not completely explained by the presence of this 
body. There would seem to be little doubt that the leucocytic phenomena 
are the result of the liberation of a chemically active substance or substances 
from the damaged tissues. This, however, is not histamine, since the latter 
is incapable of producing leucocytic emigration (Grant and Wood, 1928). 
The mucous membrane of the alimentary canal, in addition to being capable 
of exhibiting vascular and leucocytic reactions to injury, also secretes mucus— 
as is familiar in all “ catarrhal”’ conditions. It therefore becomes of interest 
to inquire more closely into the mechanism of this mucus secretion. Is it of 
“nervous” origin or the result of local chemical change, or is it due to a direct 
stimulation of the mucus cell ? 

The mucus-producing cells, the so-called goblet-cells, of the alimentary 
canal are directly exposed to any form of mechanical, thermal or chemical 
insult coming from the lumen of the intestine, and therefore could be reason- 
ably expected to react directly to these stimuli without the intervention of 
chemical substances, produced in deeper tissues, which affect blood-vessels. 

Certain mucus-producing glands, the salivary glands for example, have 
been conclusively shown to be under the influence of the central nervous 
system. These glands, situated deep to the alimentary canal, could not be 
affected directly by mechanical or other events taking place within the lumen 
of the latter. The central nervous system is called in as an intermediary. 

Another example of the influence of the nervous system on mucus produc- 
tion, in the mammal, has been investigated by Barrington (1913). He has 
shown that the mucus contained in Bartholin’s glands in the cat is liberated 
by stimulation of the hypogastric nerve. Here again the gland is deeply 
situated and not capable of being influenced directly by events occurring in 
the neighbourhood. Moreover, like the salivary gland, it shows “ psychic” 
secretion. 

The small buried glands in the mucosa of the trachea and bronchi are also 
apparently under nervous control, judging by the reaction to pilocarpine. An 
intravenous injection of this drug causes copious secretion of mucus in the 
trachea and bronchi. This can be prevented by the administration of atropine, 
a fact made use of in preoperative medication. It would seem that here the 


* With a grant from the Medical Research Council. 
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inhalation of an irritant such as ether excites the secretion of mucus reflexly, 
though this point is being further examined. It is very commonly assumed by 
clinical observers that the great increase of mucus production seen in mucous 
colitis is due to an intervention of the nervous system in a way analagous to 
the examples of the salivary or Bartholin’s glands. But it is not relevant to 
argue from one case to the other owing to the different anatomical relationships 
and histological appearances of the mucus-secreting cells in the two cases. 

Experiments have therefore been done to investigate the points here 
raised. 

Animals used.—Dogs and cats have been used exclusively, because the 
histological and anatomical structure of their colons is more akin to that of 
man than any other laboratory animal convenient to use. 

The colon has been chosen as the site for investigation because the cells 
lining this organ are largely mucus-producing and its secretion does not 
contain significant amounts of digestive enzymes. 


THE SECRETION OF MUCUS FROM A THIRY FISTULA OF THE COLON. 


To determine the amount of secretion from the colon dogs were operated 
on, and two separate small Thiry fistulae made from the middle of the descending 
colon, the continuity of the colon being restored by means of an end-to-end 
anastomosis. The mucous membrane of such pouches on histological examina- 
tion three months after operation was found to be indistinguishable from 
normal colonic mucosa. : 

Normal amount of secretion.—The amount of secretion from such pouches 
when completely healed was small and constant, not being influenced 
apparently by events occurring in other parts of the alimentary canal. No 
fluid secretion which could be collected and measured came away from these 
pouches, but during 24 hours a small yellowish core formed in the fistula. 
If this were gently removed it was seen to be coated with a thin layer of moist 
mucus. On histological examination the yellowish plug was found to be 
inspissated mucus enclosing some desquamated epithelial cells. It appears, 
then, that the amount of mucus secreted by the colon, at least when it contains 
no feces, is very small. 


INFLUENCE OF NERVES ON SECRETION. 


For these observations cats have been employed almost exclusively. The 
colon has a double nerve supply, a para-sympathetic innervation vid the nervi 
erigentes and a sympathetic innervation vid the superior and inferior mesenteric 
ganglia. In acute experiments on cats these nerves have been stimulated in a 
variety of ways and the effects noted on the secretion of mucus by the colon. 
Hither the nervi erigentes were themselves isolated, or the appropriate nerve- 
roots have been stimulated. In some experiments both nervi erigentes have 
been stimulated alternately, periods of rest thus alternating with periods of 
stimulation in each nerve. Some animals have been anesthetized with 
chloralose, some decerebrated and some decapitated. The stimulation was in 
all cases by means of a faradic current, interrupted for } sec. every 1? sec., 
the rate of make and break varying from about 10 per sec. to 100 per sec., 
(a Palmer’s coil was used). It was continued from 1 to 4 hours. 
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In a few experiments a small bicycle lamp dynamo was employed to 
produce a 4-volt alternating current which was passed through the induction 
coil—the object being to eliminate the possibility of polarization at the 
stimulating electrodes. 

The sympathetic nerves accompanying the inferior mesenteric arteries 
were stimulated in a similar way. 

Eighteen experiments have been made stimulating the para-sympathetic 
nerve supply. Sixteen of these have been quite negative, the two positive 
results being amongst the earlier experiments. In one of these a considerable 
quantity of rather watery secretion was present, in the other a considerable 
quantity of egg-white like mucus coating the contained hard feces to a depth 
of about 2 mm. had been secreted after four hours’ stimulation of the 
nerve-roots. 

Later experiments have differed from the early ones in one particular. 
In the first experiments the abdomen of the cat was opened, the colon pulled 
out, incised, and the amount of secretion present noted. The cut in the colon 
was ligated by string. The considerable effects of such mechanical interference 
were not appreciated at the time. In later experiments no preliminary inter- 
ference with the colon has taken place. It is suggested that in the experiments 
showing some reaction the preliminary handling was sufficient to call forth 
the considerable secretion. However, the cat in which the egg-white mucus 
was produced must have been very sensitive to mechanical stimulation, as so 
great a secretion has never been observed after mechanical interference in 
other cats. Another factor may be possibly that very forcible contraction of 
the gut against hard feces may be equivalent to mechanical stimulation. 
With the- exceptions already noted there is no evidence that stimulation of 
either the nervi erigentes or the sympathetic nerves is capable of stimulating 
the goblet-cells to produce mucus. It may be objected that these were the 
only successful experiments, and that the others, in which no mucus was 
secreted, were failures owing to the difficulty in keeping up adequate stimula- 
tion over prolonged periods. However, that the stimulation was effective in 
those experiments at least in which the nervi erigentes were dissected could be 
seen by the concurrent contraction of the musculature of the exposed portion 
of the rectum. 

The following experiment indicated that mucous secretion can occur in the 
absence of all extrinsic nerves: A dog was prepared so that a “patch” of 
colonic mucosa replaced a portion of skin on the abdomen. (For method see 
Drury, Florey and Florey, 1929.) 

After the first operation the patch was supplied by blood from the inferior 
mesenteric artery and retained its nerve supply. In the second operation, 
after an interval of 42 days, the dog’s abdomen was again opened and the 
pedicle supplying the patch was tied and cut. A sufficient collateral circulation 


EXPLANATION OF PLATE. 
Fic. 1.—Section of colonic “ patch” completely isolated in the skin, showing normal appearance 
of mucosa. (Photo by H. P. Hudson.) 
Fic. 2.—(a@) Normal colonic mucosa stained by muci-carmine. (b) After two hours’ treatment 
with a solution of mustard oil in olive oil. Note that the goblet-cells are, for the most 
part, completely empty. Magnification x 150. (Photo by H. P. Hudson.) 
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then opened up from the surrounding muscle and skin to preserve the 
patch. After some small superficial sloughs the mucosa regenerated completely 
and, being exposed to air and to the friction of bandages, continuously secreted 
mucus of the consistency of egg-white as before the second operation. The 
mucosa of this patch when examined histologically some three months later 
was found to be indistinguishable from normal mucosa (see Fig. 1). Clearly, 
then, when both sets of extrinsic nerves are removed neither the power of the 
mucosa to secrete mucus nor the appearance of the colonic mucosa is altered 
in any observable fashion. 

It has been stated in clinical literature that there are reflexes originating 
from other organs, or even in itself, acting on the colon which liberate mucus. 
The following experiment was done on a dog to determine if reflexes vid the 
extrinsic nerves could be elicited from one part of the colon to another: 

Into one of the small colonic pouches of a dog mustard oil diluted with 
olive oil was placed for 15 minutes and then evacuated. A copious secretion 
of egg-white mucus occurred from this pouch. There was no sign whatever of 
increased mucus secretion from the other pouch, the extrinsic nerves being 
intact. 

The possibility of an axon reflex remains to be considered. The colon 
of a cat was burnt by a hot iron applied to the muscle externally. As a 
consequence the patch of mucosa beneath the burnt area became inflamed. 
Half an hour later the animal was killed and the colon opened for examination. 
It was then found that the inflamed area retained a deep red colour, due to 
the engorgement of the vessels, and over this engorged area there had been an 
outpouring of mucus. There was no evidence of increased secretion outside 
the area which manifested a direct effect of inflammatory products on its 
blood-vessels. This experiment indicated that the production of mucus by 
means of an axon reflex did not occur in the colon. 


ANATOMICAL CONSIDERATIONS. 


If it could be shown by histological methods that the mucus-producing 
cells of the colon or other part of the alimentary canal were supplied by nerve- 
fibres, there would be good evidence that these experimental methods were 
inadequate for the display of the functions of this innervation. 

Many histological methods have been tried, but it has been found impossible 
to demonstrate nerves running to the epithelial cells of the colon though nerve- 
fibres coursing in the connective-tissue stroma can be demonstrated, ending 
in the neighbourhood of the bases of the epithelial cells. But inasmuch as 
capillaries are rich in this region, it is difficult to decide whether the nerves 
serve the*cells or the neighbouring capillaries. From their physiological 
reactions the latter are certainly innervated (Drury, Florey and Florey, 1929) 
and in the opinion of the majority of histologists the nerves demonstrated 
belong to the smooth muscle in the villi or blood-vessels. 

The opportunity occurred of seeing some specimens of intestine prepared 
by F. de Castro by silver impregnation methods (double impregnation by 
Golgi’s method and modified reduced silver nitrate Cajal).* In these 

* I am much indebted to Dr. de Castro for assistance in the preparation of some histological 
specimens. 
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preparations numerous nerve-fibres were present in the connective tissue but none 
appeared to have any relation with the epithelial cells. Dr. de Castro informs 
me that in numerous preparations which he has made and which have been 
made in the same laboratory, no example of an innervation of the epithelial 
cells of the gut has occurred. Cajal (1911 and 1921) illustrates nerves in the 
villi of the small intestine, but thinks they serve the smooth muscle-fibres 
and vessels. Other investigators, such as Drasch, Miiller, and Berkeley, have 
not succeeded in demonstrating a direct innervation of the epithelial cells of 
the intestine. 

Caparelli (1891), however, states that he has seen goblet-cells in the 
stomach supplied by nerve-fibres, but as mucus is apt to appear black by 
Golgi’s method this cannot be accepted as very strong evidence, especially 
as the “nerve-fibres’’ could not be traced to the nervous plexuses, but only 
“into the muscle.’’ Other investigators using the same method have failed to 
demonstrate nerve-fibres supplying epithelial cells of the large aud small intestine. 

Recently, Kuntz (1913) has stated that numerous nerve-endings, which he 
thinks are sensory, occur between the epithelial cells of the small intestine. 
A methylene-blue technique was used. Hill (1927), however, using the same 
method was unable to confirm this, and the fact that no other observer has 
succeeded in staining these numerous nerve-endings suggests that the fibres 
stained by Kuntz may possibly not be of a nervous character. At any rate, 
further confirmation, which my own methylene-blue preparations have failed 
to give, is demanded before accepting Kuntz’s statement. Hill, also, using a 
silver technique, shows fibres penetrating between the epithelial cells. Her 
illustrations in this connection are not very convincing, as the nerve-fibres 
are shown in close contact with the cells and only penetrating between them 
in one plane, which is very unlikely. The fact that the basement-membrane 
takes up the silver in some cases almost as well as nerve-fibres makes it 
necessary to accept the statement of “sensory ” fibres between the cells with 
considerable reserve. 

It appears, therefore, that no one has succeeded satisfactorily in showing 
an efficient efferent nervous supply to the ordinary epithelial elements of the 
colon or small intestine, much less to the goblet-cells themselves. The 
conclusion to be drawn is that either these cells are not innervated, or that 
the methods at present available are incapable of showing the nerve-endings. 
These methods nevertheless have been successful in other glandular tissues 
such as the pancreas or salivary glands. 

A further discussion of this problem is contained in Oppel’s ‘ Lehrbuch,’ 
and an article by Ph. Stohr, jun., in ‘Handbuch der mikroskopischen Anatomie 


des Menschen.’ ® 
ACTION OF DRUGS. 


It was pointed out by Heidenhain (1883) and Klose that repeated doses of 
pilocarpine administered to the rabbit caused exhaustion of the goblet-cells 
and the passage of feces covered with mucus. Majewski confirmed this 
statement, using both cats and rabbits, but could never get the complete 
exhaustion described by Heidenhain. He was of the opinion that the mucus 
was secreted by alterations of the blood-flow and not from a stimulation of 
nerves to the goblet-cells. 
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In some situations, e. g. the salivary and lachrymal glands, the administration 
of pilocarpine produces the same effects as stimulation of the para-sympathetic 
nerve supply, but this drug also apparently has a direct effect upon the secre- 
tions of certain cells. For example Langley (1922) and Anderson and Langley 
have shown that pilocarpine acts directly upon the cells of sweat-glands—a 
statement confirmed by Burn (1922). 

Hence, if pilocarpine produces a flow of mucus from the colonic goblet- 
cells, it is no proof that they are innervated in a way similar to the salivary 
glands. 

In the present series of experiments the effects of pilocarpine have been 
investigated. 

The effect of an intravenous injection of 0°5 c.c. of 1/1000 pilocarpine 
nitrate was to cause a good flow of saliva but no appreciable secretion of mucus 
in the colon. It was conceivable that more prolonged stimulation would cause 
the goblet-cells to give up their mucus. Accordingly, two cats were taken and 
given injections of 0°5 c.c. pilocarpine (1/1000) at the following times: 4.15 
p.m., 5.0, 5.30, 6.0, 6.80; °75 c.c. at 6.50 p.m.; and 10.50 a.m., 11.20, 12.0, 
12.55 p.m., 1.20, 2.85; and 1°0 c.c. at 3.40 respectively. The animals, which 
were anaesthetized with chloralose, were then killed. There had been an 
enormous secretion of saliva and tears during the experiments, but the colon 
in both cases showed no freshly secreted mucus. However, the experiment 
was repeated on decerebrated cats—a protocol of one experiment will illustrate 
the amount of pilocarpine given and the intervals between doses. 

Decerebration complete. 
0°5 c.c. pilocarpine intravenously. 
0°5 c.c. RS is 
0°5 c.c. Ht re Some feces with mucus coating 
expelled. 
1°00 c.c. * 
1°00 c.c. i a Large quantity of egg-white 
mucus expelled. 
1°5 c.c. more mucus expelled. 
6.25 1°5 c.c. watery fluid and mucus expelled. 
6.50 killed by injection of air into veins. 
Colon extremely contracted and empty. Some petechial hemorrhages 
present in mucosa, especially at lower end. 

In all of three such experiments there was a copious secretion of mucus 
from the colon. This mixed with faces was expelled from time to time by 
violent bowel movements. 

These experiments thus confirm those of Heidenhain, and Klose, and 
Majewski (1894), but must not be interpreted as necessarily indicating that 
pilocarpine is stimulating nerve-endings to the goblet-cells. 

It is clear from these experiments that any influence that pilocarpine has 
on colonic mucus secretion is of a totally different order from that on glands 
such as the salivary. Relatively enormous doses of pilocarpine injected intra- 
venously and acting over prolonged periods are required to produce secretion 
of mucus in the colon, and even this secretion appears to be inhibited by 
chloralose, which is without significant effect on salivary secretion. The 
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goblet-cells themselves may be stimulated in a way analogous to the cells of 
the sweat-glands, or the violent bowel movement, acting over a considerable 
time, may stimulate the goblet-cells mechanically. These then evacuate 
their contents. Support for this latter suggestion is found in the occurrence 
of petechial hemorrhages in gut mucosa. The former supposition does not 
receive support from the local application of pilocarpine. When locally 
applied somewhat variable results were obtained, but the following experiment 
is free from the objection of previous handling of the colon : 

30 c.c. of 1/1000 pilocarpine nitrate was injected into the rectum of a 
chloralosed cat and the anus sewn up. After a few minutes there was a 
great secretion of saliva, tears and bronchial mucus, but after the end of one 
hour, though the colon was red, there had been very little secretion of mucus. 

A further reason for regarding production of mucus by pilocarpine as 
insufficient evidence for regarding the goblet-cells as innervated is given in 
the discussion. 

THE EFFECTS OF LOCAL STIMULATION. 


It has been mentioned in the introduction that recent work relates the 
production of the vascular phenomena of inflammation to the liberation of 
a chemical substance of the nature of histamine. Experiments have been 
done to investigate the possibility of the production of mucus in the intestine 
being due to a similar mechanism. 

The colons of the cat and dog have been used almost exclusively for these 
experiments also. 

The effects of mechanical irritation can be well observed when the colon 
of a constipated cat is first opened. The mucosa almost invariably appears to 
be dry. If, however, the exposed surface be touched, or merely kept exposed 
to the air, it immediately becomes moist with a sticky mucous secretion. 
The more prolonged the stimulus the more the secretion of mucus, e.g. a 
considerable quantity can be produced by rubbing the surface of the colon for 
half-an-hour. The effects of chemical stimulation can be readily observed 
also. Mustard oil diluted by olive oil will produce an enormous secretion of 
mucus if allowed to remain in the colon for 2 hours, though the reaction 
begins immediately. (A method for collecting this mucus has been described : 
Goldsworthy and Florey, 1930). Other forms of chemical irritation, e.g. 
with iodine dissolved in pot. iodide (4%), will also cause a secretion, as was 
shown in Pavlow’s laboratory (Babkin, 1928). The histological appearance of 
colonic mucous membrane before and after the application of mustard oil is 
given in Fig. 2. 

The effects of thermal stimulation were tested in the following way on a 
dog :* The small intestine was cut through just proximal to the ileo-colic 
valve and brought to the surface of the abdomen to form an _ ileostomy 
opening. The opening into the colon was insewn. When healing was 
complete the preparation consisted of a length of colon into which no feces 
passed. 

The dog was first trained to lie quietly on a table for 2 hours. A tube 
% in. in diameter closed at one end was then passed into its rectum and colon 


* This experiment was performed in Chicago. 
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for 9 inches and left in for 2 hours. This did not cause the dog any incon- 
venience and it would still lie quietly. After the withdrawal of the tube 
there were no efforts at defecation. The tube had adhering to it a few 
pieces of inspissated mucus. 

As a further step, hot water at 48°C. was then circulated through the tube. 
This, for some time, did not apparently cause the dog any discomfort, but 
towards the end of the two hours so much heat had been absorbed that the 
dog began to pant and to be restless. After the removal of the tube the dog 
passed a considerable amount of mucus from its colon and rectum. That 
sufficient mucus had accumulated to be passed indicated a considerable 
secretion, as it is not easy to free the bowel walls from this sticky substance. 

By this procedure it was thought that the effects of mechanical stimu- 
lation and heat stimulation were separated. 

It was observed in the case of the first two forms of stimulus that 
accompanying the secretion of mucus there was vascular dilatation. This 
latter can be inferred to have taken place in the heat stimulation experiments 
from the fact that in some instances the mucus passed was blood-stained. It 
is thus clear that these three forms of stimulation which, when applied to 
other tissues, would produce the train of phenomena known as inflammation, 
do this also when applied to colon mucosa, but also have the added effect of 
producing mucus. 

The question then arises as to whether there is a common substance 
liberated in the tissues by injury which both produces the vascular phenomena 
and stimulates the goblet-cells, or whether the latter are acted upon directly 
by the noxious agents. 

It is clear that injury to the skin liberates a chemical substance or sub- 
stances by acting on some element in the skin—a cellular element presumably, 
hence it is quite conceivable that in the case of the goblet-cell this injury, 
instead of initiating the release of diffusable chemical bodies, causes the 
discharge of the cell contents. 

The goblet-cells line the colon in such a way that they are the first to 
receive the impact of any stimulus coming from the gut lumen, so that it 
would seem reasonable to infer that they reacted directly to the stimulus 
without the intervention of a chemical substance formed in deeper layers of 
the mucosa. 

Experiments have been done bearing on this point. 

The effects of the local application of histamine have been observed in 
decerebrated cats. After decerebration 20 c.c. of 1/1000 histamine were 
injected through the anus. This latter was then sewn up to prevent the 
ejection of the fluid. At the end of 14-2 hours the colon was examined. 
In four such experiments the water had all been absorbed but there was no 
indication of mucus secretion. In only one of the experiments did the colon 
appear much reddened. In two further experiments histamine 1/500 and 
1/400 were used, but even with these strengths there was no secretion of 
mucus. 

The relatively slow absorption into cats not under the influence of 
anesthesia (decerebrated) would probably account for the absence of any 
shock-like symptoms from the large amount of histamine, though in one 
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experiment in which a continuous blood-pressure tracing was made, this 
showed a steady fall. It might be objected that possibly the histamine was 
not brought into contact with the cells except at their free borders—that is, it 
is not absorbed from the colon. But the fact that quite large molecules such 
as those of pilocarpine and cocaine are rapidly absorbed would not lend much 
support to this contention in view of the fact that histamine is a freely 
diffusible substance. 

The conclusion from these experiments appears to be warranted that 
histamine does not cause goblet-cells to secrete. Koskowski (1926) states 
that intravenous injection of histamine causes a “‘ yellow” plug coated with 
clear mucus to be expelled from a Thiry fistula of the colon of a dog, and 
thinks this is caused by histamine having some “nervous action” in increasing 
mucus secretion. It seems much more ‘reasonable to attribute any slight 
secretion of fresh mucus to mechanical stimulation associated with the 
expulsion of the yellow plug. 

The effects of ‘‘ peptone’’ have also been tried in the same way. A 20% 
solution was used with this substance. All the fluid was not absorbed at the 
end of 24 hours, but there was no evidence of the presence of mucus in 
the fluid. 

Recently evidence has been accumulating to suggest that salivary secretion 
is caused by the liberation of acetyl-choline at the nerve-endings during 
stimulation. 

Acetyl-choline (1 mgm. in 100 c.c. normal saline) was run into the femoral 
vein of a chloralosed cat at such a rate as to keep the blood-pressure low. 
The experiment started at 3.39 p.m. and finished at 5.17 p.m. During this 
period there was a copious secretion of mucus from the salivary glands, but 
there was not a trace of secretion in the colon, which, if anything, appeared 
even drier than normal. 

Solutions of acetyl-choline 1/1000 were made up from material supplied by 
Dr. Dudley to Dr. A. N. Drury. 9 ¢.c. of this freshly prepared solution were 
injected through the anus into the colon and the anus sewn up. 

The colon was examined in one experiment after the lapse of 1 hour, in 
another after 1} hours. In the first experiment the fluid had not been com- 
pletely absorbed, but only a very slight amount of mucus was present. In the 
second experiment there was no evidence of any increased mucus secretion at all. 
Lighstone (1924) was unable to observe any increase in the secretion of mucus 
from pyloric mucous membrane after administration of pilocarpine or acetyl- 
choline. 15 c.c. of 1% solution of adenosine in distilled water (supplied by 
Dr. A. N. Drury) were applied by the same technique. At the end of one 
hour no appreciable increase in the secretion of mucus had occurred. 


EFFECTS OF EXTRACTS OF COLONIC MUCOSA. 


The application of pure substances which occur naturally in the body and 
are known to have actions suggesting their involvement in mucus secretion 
has not produced any evidence that this is the case with regard to the colon. 
However, to test the matter further, experiments have been done utilizing 
extracts made from colonic mucosa. 
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In some of these sheep’s colon was obtained immediately after slaughter, 
washed, and the mucosa scraped off. 

Extracts were made from this with methyl alcohol, ethyl alcohol and 1% 
acetic acid and trichloracetic acid. These extracts after removal of the alcohols 
by dilution and evaporation at 40°C. under reduced pressure, and neutralization, 
were inserted into a Thiry fistula of a dog which was closed by a rubber bung. 
(The opening of this fistula was closed somewhat by a fibrous ring, thus 
allowing of this method of preventing the escape of the injected fluid.) In no 
case was any unequivocal increase in mucus secretion produced. 

In one experiment dog’s colon was extracted with methyl alcohol, but this 
was without effect. 

Similar experiments were performed on cats. Cat’s colon mucosa was 
extracted by grinding with sand in a mortar with normal salt solution, methyl 
alcohol, and 1% acetic acid. After neutralization and removal of alcohol the 
products—8 c.c.—were injected into the colon of three decerebrated cats and 
the anus sewn up. After 14 hours the colons were examined, but in no case 
was there evidence of increased mucus secretion. 

A further possibility remains that central or axon reflexes are instrumental 
in producing the secretion in response to local stimuli. Experiments under 
the heading of “nervous stimuli’ have already been given which rather 
negative this suggestion. Additional negative evidence has been furnished by 
use of drugs. 


Atropine, which paralyses secretion of mucus from glands which are 


certainly innervated, has no detectable effect observable by the methods used 
in inhibiting the secretion by the local application of mustard oil. Secretion 
of mucus occurs freely after thorough atropinization, whether the drug be 
injected intravenously or applied locally. 

Cocaine, which paralyses sensory nerve-endings, was applied to small 
pouches tied off in the colon. Application of solutions up to 10% was made 
by inserting cotton-wool-soaked in this solution. The cocaine was rapidly 
absorbed, and in some cases, in chloralosed cats, brought about a cessation of 
respiration rapidly. The experiments were continued using artificial respiration. 
The heart continued to beat well throughout the experiment. Even after the 
most thorough cocainization there was a free secretion of mucus after the 
application of mustard-oil solution. 

This was repeated on a decerebrate cat in which the absorption of the 
cocaine did not cause cessation of respiration. 5% cocaine solution was applied 
to a pouch for 10 minutes. Mustard oil in olive oil was then inserted. After 
1 hour there had been a copious mucus secretion. 
TISSUE CULTURE.* 

To study microscopically the reactions of goblet-cells to various stimuli it 
is very desirable to have a preparation not previously subjected to mechanical 
interference. It has been found that mechanical stimulation causes an outflow 
of mucus very easily, so that it might be anticipated that a teased preparation 
would not represent the appearance of a “ normal’? mucosa. 


* Tam greatly indebted to Dr. H. B. Fell for facilities and much assistance in the preparation 
of these cultures. 
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With the idea of circumventing the necessity for handling immediately 
before observation, attempts were made to grow goblet-cells in tissue culture 
with the hope that they could then be seen in optical section. 

Chicken-gut was grown—=3-, 4-, 6-, 8- and 13-day embryos being utilized. 
The coverslip method was employed. After changing the medium several 
times a small organized mass of tissue, covered with epithelium, was obtained 
in many cases. However, this epithelium was never observed to have any 
goblet-like cells in it either im vivo or after cutting sections of the mass. 


Nuclei of epithelial celis 


Nuclei in loose 
connective tissue 


Fig. 4. 


Fig. 3.—Small tube lined by epithelium in mass of tissue culture of chick intestine. Shows 
four goblet-cells stained by muci-carmine and the lumen containing red-staining material. 
(Drawing by Miss E. Clark.) 

Fic. 4.—Portion of culture of stomach of chicken embryo. Shows mass covered by epithelium, 
— — portions of which are darkly stained by muci-hematein. (Drawing by Miss E. 
Clark.) 


In cultures of stomach, material staining deeply with muci-hematein was 
present nevertheless in the superficial epithelium of some specimens (Fig. 4). 
This epithelium was like that present normally at the pylorus. In one case 
a culture from the intestine of a 4-day chicken embryo after growth for 14 
days was fixed and sectioned. The outside of the mass was covered by a rather 
flattened form of epithelium, but running through the centre was a tube lined 
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by cubical epithelium, and in several places cells giving a positive mucin 
reaction with muci-carmine (Fig. 3). These cells were indistinguishable from 
goblet-cells. They had discharged a portion of their secretion into the lumen 
of the tube.. Unfortunately no goblet-cells were found to develop on the 
outside of the growing mass, so that in vivo observations were impossible. 
But these cultures afford some additional evidence that mucus can be elaborated 
and discharged quite independently of a functioning nervous system. 

Kappel (1929) states that he succeeded in making cultures from the stomach 
of chicken embryos which became covered with an epithelium which secreted 
mucus. The cells doing this looked like goblet-cells. 'These cells were seldom 
seen on cultures of small intestine and were absent from cultures of large gut. 

In my cultures of stomach, cells producing a substance staining darkly by 
muci-hematein were to be seen, but these did not look like typical goblet-cells. 












DISCUSSION AND SUMMARY. 







Influence of Nerves on Mucus Secretion. 


It is a common finding that when the quick co-ordination of related 
structures is desirable a nervous mechanism is called into play. For slower 
co-ordination chemical mechanisms—hormones—are used. 

Certain experiments indicate that a rapid flow of mucus would be of 
advantage in the gut for protective purposes. That mucus undoubtedly does 
exert this effect on the epithelium which it covers is illustrated by an experi- 
ment of Pavlov. Irritants such as 10% solution of silver nitrate were put 
into a Pavlov pouch and a profuse secretion of mucus was called forth; by 
next day this had ceased and the mucosa had returned to its normal condi- 
tion, ?.e. the great outpouring of mucus had mechanically protected the cells 
beneath and prevented their death and the resulting severe inflammatory 
reaction (Pavlov). Experiments by Zweig illustrate the same point. 

For this protective function a relatively rapid expulsion of mucus is 
necessary and actually occurs, e.g. after the application of mustard to the 
colon, so that one could reasonably expect that the nervous system would 
be involved. However, experiments detailed in this paper do little to sub- 
stantiate this inference. 

If the chorda typani be stimulated, saliva makes its appearance within a 
few seconds. Stimulation of the nervi erigentes over a short space of time 
measured in minutes does not cause any detectable secretion of mucus from 
the intestine. In the great majority of experiments no secretion occurs after 
stimulation extending over relatively prolonged periods. In one case, however, 
quantities of mucus appeared after very prolonged stimulation. It would 
appear, then, that if the nervous supply does influence mucus secretion, it 
is only after the most prolonged stimulation. 

The experiments with pilocarpine support this. A single large dose of 
pilocarpine causes copious secretion of. saliva but an inappreciable colonic 
secretion. It is only after repeated doses acting over a long time in a 
decerebrated cat that secretion occurs in the colon. This, together with 
reasons given earlier, makes it improbable that this drug causes colonic 
mucus secretion by stimulating nerve-endings. 
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It will thus be seen that any evidence forthcoming for a direct influence 
of nerves on goblet-cells does not agree with the general finding that nervous 
co-ordination produces rapid responses. It is more probable that the 
results obtained in one nerve stimulation and several pilocarpine experiments 
are to be explained on other grounds which have been mentioned under the 
individual experiments. 

Other points to be considered as offering evidence against any effective 
nervous control of the goblet-cells of the colon are: (a) Secretion of mucus 
goes on in an apparently normal fashion after section of all extrinsic nerves 
(isolated colonic “patch” of dog). (b) The secretion of mucus in a Thiry 
fistula of the colon is small and appears to be secreted at a constant rate. 
(c) Tissue cultures from chicken-gut show that goblet-cells develop and 
produce mucus which is discharged. Here no nerves are present—or at 
least no organized nervous system. (d) Histologically nerves have never 
been demonstrated to serve goblet-cells in the way they do the cells of the 
salivary glands. 

Previous investigations on the stomach lend support to the above contentions. 
Pewsner, working in Bickel’s laboratory, showed that severe inflammation of 
the main stomach by silver nitrate with the production of enormous amounts 
of mucus had no effect on a Pavlov pouch. The conclusion was arrived at 
that mucus secretion in the stomach was the result of “local ’” processes. 

Ivy and Yutaka Oyama constructed a pouch of the pyloric end of the 
stomach of dogs which secreted alkaline mucus fluid at the rate of about 5 c.c. 
per hour. This secretion was quite uninfluenced by events occuring in the 
main stomach, but could be very materially increased by the application 
of n/10 HCl and mechanical irritation. He concluded that mucus secretion 
in this situation was not controlled by the nervous system. Lighstone 
recorded similar results. On the other hand, Ushakoff, after prolonged stimu- 
lation of the vagus, stated that there was an increased secretion of mucus from 
the stomach. This has been explained as due to the washing out of mucus 
previously present by the freshly secreted gastric juice, and by the fact that 
the hydrochloric acid secreted stimulated the goblet-cells by “local” action. 
In this case again prolonged stimulation was necessary to produce any sign 
of increased mucus secretion. 

A further discussion is contained in Babkin’s ‘ Die fiussere Sekretion der 
Verdauungsdriisen..’ 

It would thus appear that no clear-cut experimental evidence is forth- 
coming that mucus can be secreted in the gut under direct nervous influences, 
so that it is unjustifiable to regard mucous colitis as due to nervous excitation 
until quite unequivocal evidence is forthcoming that the reactions of the colon 
in man differ from those occurring in the dog and cat. 


Local Effects. 


Application of agents capable of causing cell damage call forth a secretion 
from the goblet-cells of the colon. This secretion might be caused either by 
the direct action of the noxious agents on the goblet-cells or by the liberation 
of some chemical substance which then stimulated the goblet-cells. 
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Tests with histamine (which is active on the skin), acetyl, choline, q 
adenosine and peptone solutions have failed to give evidence that they 
stimulate mucus production from goblet-cells. Extracts: prepared from 
colonic mucosa did not have any observable influence in stimulating mucus 
production. It appears, then, that the goblet-cells directly react to the insult 
of the noxious agent in contradistinction to the accompanying vascular 
reaction which, judging from the results on skin, is due to the liberation of i 
some histamine-like body. : 














I wish to express my sincere thanks to Dr. Carlson and Dr. Ivy, of Chicago, j 
for considerable help at the beginning of these experiments, to Miss S. 
Robinson for assistance at the London Hospital, and to Dr. A. N. Drury at 
Cambridge. 
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IRON STORAGE IN SPLENECTOMIZED RABBITS. 
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Iron storage following the administration of iron by different routes has 
been described by one of us (Polson, 1928, 1929', 1929°). Continuing these 
observations, the present experiments permit a comparison between the 
storage of iron in intact and splenectomized rabbits when it is administered by 
the intravenous route. In the previous experiments it was found that 
colloidal iron, when thus administered, formed pulmonary emboli and the 
greater part of the iron so held in the lungs passed eventually to the liver. It 
was suggested, on slender grounds, that one possible pathway in this process 
was vii the spleen and it was one object of the present experiments to obtain 
further evidence bearing on this suggestion. 


TECHNIQUE AND DOSAGE. 


Eleven rabbits were subjected to splenectomy and, after an interval of 
from three weeks to a month in order to allow them to recover from the 
operation, they were given 160 mgm. of iron intravenously, in divided doses of 
a 10% dilution of B.D.H., Ltd. “dialysed iron,” a product which contained 
3°92 gm. of iron per 100 c.c. They were killed in pairs at intervals which 
ranged from a day to two months after the last dose; in view of earlier 
results this maximum time interval appeared to coincide with the maximum 
loss of iron by the lungs. The dosage was believed to be the maximum 
compatible with survival, although, as will be seen, the resulting pulmonary 
embolism was not severe and did not cause as high a level of iron in the lungs 
as was anticipated. 

Our first series of controls (which served also to confirm previous results) 
consisted of ten intact rabbits which received iron in the same quantity and 
manner as did the spenectomized rabbits; these controls were also killed in 
pairs at corresponding time intervals. ; 

The second series of controls consisted of eight healthy rabbits to which 
no iron was given. ‘They were killed and their organs were submitted to 
chemical and histological examination as were those of all the experimental 
animals. The method used for the determination of iron, the liver, lungs, 
kidneys and spleen being examined, was described by Fowweather in 1926. 


EXPERIMENTAL OBSERVATIONS. 


(a) Healthy Controls. 1. Chemical Data. 

The iron content of the organs of our healthy controls is shown in Table I, 
together with results obtained by others from rabbits but by means of different 
methods of analysis. The six rabbits of Boycott and Price-Jones (1911-12) 
had an average weight of 2600 gm. In order to bring their results for total 
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iron into line with the remainder in the table we have reduced them toa 
level expected in rabbits which weighed 1550 gm. Their actual figures were 
10°2 mgm. for the liver, 0°5 mgm. for kidney and 0°4 mgm. for spleen. 

Our results are in agreement with the majority in respect of the total iron 
content of the organs. Differences in the method of preparation of the organs 
are probably responsible for individual differences seen in this table. The 


TaBLE II.—Iron Excess in the Organs of Intact Rabbits. 


Liver iron. Lung iron, Spleen iron. Kidney iron. 

Iron re- 
covery.— 
Total in 


mgm. 


; Net Fe | 
| excess 
| in mgm. | 


% dry | Pactra 
weight. | 
| m. | 


| Net Fe | 
| excess | 


| in mgm, | 
| 


Expt. Duration. 
% dry 


weight 


% ary 
weight. 


% dry 


| Net Fe 
: excess in 
weight. | mgm. 


1067 2:06 0°074 1-29 
0319 0°69 0-087 2°02 





0°333 0495 


1-097 


10°°6 


21°57 


1 day 62:01 


14 days 


1 week 


0°437 
0357 
0°366 


75°03 


0459 815 


15°94 


0°556 
1600 


0:89 
1°65 


0091 
0°125 


9-O5 


229 


3°20 





Group A averages 0374. 73°34 0°713 14:00 0°885 1:32 0-094 2°19 


0:052 
0-083 
0 098 
0116 





| ( 


5 


0:99 
161 
2°51 
2:18 


0508 
0-408 
0645 
1067 


0°33 
0°36 
0°78 
2°10 


0455 
0-682 
0441 
0441 


6°05 
11°67 
a 25 
7°60 


74:38 
70°98 
67°18 
64°78 


0°421 
0500 
0484 
0-479 


2 weeks 


1 month 





8:14 


Group B averages 0471 69°33 0504 0°657 0°88 0°087 1:82 





0349 
0253 


0°107 
0:067 


O51. | 
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10 


0523 
0315 


0462 
0769 


10°84. 


6°75 


67°56 


” 7 
i 2 monthlis { 60°64 


0301 


0°419 


Group C averages 64:10 0-615 0°68 0°087 


Averages of this 0°398 69°89 0570 0°740 104 | 
series of 3 groups | 





84=53% 
of dos 
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high figures for the iron content of the kidneys given by Polson, however, are 
also influenced by experimental error since they exceed the sum of the other 
three observations. 


(b) Rabbits which Received Iron. 


Table II shows the results obtained in intact rabbits while those 
concerning splenectomized rabbits are shown in Table III. In these tables 
“net iron excess’’ indicates the amount of iron found in excess of that 
expected in untreated rabbits. 
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The present technique enabled us to recover 53% of the dose from the 
liver, kidneys, lungs and spleen in intact rabbits as compared with 43% 
recovered by Neumann’s process (1902) in the previous experiments. In the 
splenectomized rabbits the average recovery of iron from liver, lungs and 
kidneys was 49% of the dose given. 


TaBLE III.—Iron Excess in the Organs of Splenectomized Rabbits. 


Liver iron. | Lung iron. Kidney iron. 
Iron recovery. 
| \ | — Total in 
% dry Net excess; % dry Net excess % ary Net excess mgm, 
weight. inmgm. | weight. in mgm. weight. in mgm. 
| | 


| 
| 
| 
| 
| 


Duration. 





wae 0319 | 55°57 | 0464 | 9 0-112 8 66 
5 y 0°360 a 0-071 6 81 

Saute { 0-421 51-94. ‘608 | 14 0101 | 16 68 
' _— 0:478 70°30 | 0-46 : 0-080 ‘47 79 
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- he —————EE 
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In order to eliminate to some extent differences between individual 
animals and inability to control pulmonary embolism the results are arranged 
in groups corresponding to the intervals at which the animals were killed and 
the average in each group is indicated. Groups A and A’ include rabbits 
killed after periods up to a week, B and B' after periods of from a week to a 
month and C and C' after periods of from a month to two months. 

Examination of the lungs showed that pulmonary embolism was not so 
severe as in the previous experiments. For example, in Group A the excess 
of iron in the lungs had an average value of 14 mgm. as compared with an 
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average of 32 mgm. in corresponding experiments of the previous series. The 
present iron content of the lungs approached that found previously after an 
interval of six to twelve months after dosage. 

Comparing intact with splenectomized rabbits, it is seen that the greatest 
difference in lung iron content is in the shortest period. Thus in Group A we 
found an excess of 14 mgm. compared with 9°25 mgm. in Group Al. At 
longer periods the results for both series were closely related; thus in Group 
B, 8°14 mgm. compared with 7°31 mgm. in B' and 8°79 mgm. in Group C 
compared with 6°09 mgm. in C'. 

The livers of the present series, on the other hand, contained more iron 
than did those of the previous experiments. For example, the excess in 
Group A was 73°34 mgm. contrasting with 30°3 mgm. formerly obtained. 
The present results for intact and splenectomized rabbits are closely related 
for the average of all results of the former was 69°89 mgm. as against 
68°53 mgm. in the latter. 

The results obtained from the kidneys show certain differences, those for 
splenectomized rabbits being somewhat higher than those of intact rabbits. 
These differences are slight and, all circumstances being considered, do not 
appear to have any significance. 

The excess of iron found in the spleens of intact rabbits is, on the average, 
only 104 mgm. This indicates that the amount of iron available for 
distribution amongst the other organs, in the absence of this one, is not of 
sufficient magnitude to require consideration when comparisons are made 
between intact and splenectomized rabbits. 


2. Histological Observations. 


The distribution of iron in the organs occurred in the same manner as 
previously described and therefore requires little further comment. The 
histological observations confirmed the findings of chemical analysis, notably 
those which showed the comparatively slight degree of pulmonary embolism. 
Although the lungs held but small quantities of iron its active phagocytosis 
was in progress. A new feature was the appearance in the liver of a non- 
ferruginous pigment which had the staining reactions ascribed to heamofuscin 
by Mallory, Parker and Nye (1921). 


DISCUSSION. 


The outstanding feature of the results is the close similarity between the 
figures obtained from each series of rabbits; it would appear that the absence 
of the spleen did not disturb in any recognizable way or to any appreciable 
extent the mechanism of iron storage nor the distribution of iron in the 
organs. The results have again demonstrated that the liver is the principal 
site of iron storage in so far as actual amounts are concerned. In the spleen, 
although the concentration of iron is much greater than in the liver, the total 
amount of iron stored therein is minute compared with that in the liver. 

Our results do not yield any definite information relating to the 
transference of iron from the lungs to liver. Firstly, they do not clearly 
demonstate that such a transference occurred. A diminution of iron in the 
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lungs is suggested, however, for in both series a decrease in lung iron content 
was apparent with increased time after dosage; in both, the lung iron is above 
the general average in the shortest period and below it in the longest period. 
At the same time, in the present experiments it would require the direct 
transference of almost all of the lung iron excess to the liver before any clear 
evidence of its arrival in the liver was apparent, having due regard to 
variations in individual animals and to experimental error. A complete 
transference of lung iron is not to be expected within the time covered by 
these experiments. Secondly, since the transference is not clear, any attempt 
to ascertain the route taken or the operating mechanism would be futile. 

Our failure to obtain the desired information is entirely due to the lack of 
an adequate reservoir of iron in the lungs at the outset. While in one sense 
the amount in the lungs is considerable, since it is approximately twelve times 
that of untreated rabbits, its inadequacy is easily judged when compared with 
the amounts in the liver. To obtain clear evidence concerning the movement 
of lung iron and its possible transference to the liver, a much greater reservoir 
in the lungs than now obtained must be provided. Such a reservoir was 
obtained in previous experiments but the dosage employed was far greater and 
there was a corresponding increase in mortality during the preparation of the 
rabbits’ for experiment. At least twice the dosage now used would be 
required, involving a high mortality, before sufficient rabbits could be 
successfully prepared. 

The histological examination of the organs provided adequate confirmation 
of the previous observations and Cappell’s experiments with mice (1930) also 
confirm the principal facts described. The one notable difference between our 
results and those of Cappell concerned the Malpighian bodies of the spleen. 
Except for traces of iron, carried there by prolongations of the pulp, we have 
not observed iron in this situation. Cappell’s difficulty in correlating the 
condition of the lymphatic glands has its origin in a slight migunderstanding. 
It must be repeated that the only glands examined were the tracheo-bronchial, 
coeliac and mesenteric groups and absence of comment on others does not 
imply that iron was absent but that they were not examined 

The appearance in the livers of a pigment corresponding with that 
described by Mallory, Parker and Nye as hemofuscin is the only important 
difference between the present and previous experiments. We have examined 
the details of the experiment and can recognize but one new factor, namely 
a difference in diet; the rabbits of the present experiments had mangels and 
the others did not. We consider that this food may be responsible for the 
appearance of the pigment. The matter was discussed elsewhere (1929%). 


SUMMARY. 


It is shown, by means of parallel experiments on intact and splenectomized 
rabbits, that the absence of the spleen does not affect the storage of iron, its 
principal centre being the liver. Confirmation is obtained of previous 
experiments with the intravenous administration of iron. Failure to secure 
an adequate reservoir of iron in the lungs precluded observations on the 
possible function of the spleen in the transfer of iron from lungs to liver. We 
note the presence of a pigment which yielded the staining reactions ascribed 
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to hemofuscin by Mallory, Parker and Nye. Since the only new factor 
recognized in this repetition of previous experiments was the addition of 
mangels to the diet, we suggest that tltis may be responsible for the appearance 
of the pigment. The normal iron content of the organs of healthy rabbits 
was determined by the method of Fowweather and the results are compared 
with those of others obtained by different methods. 





We are indebted to the Government Grant Committee of the Royal 
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EXPERIMENTS have been quoted in a previous communication (1927) 
showing that freshly isolated hemolytic streptocococci lose their resistance to 
the bactericidal action of defibrinated human blood if they are subcultured 
daily on agar. When this change first occurs, resistance to phagocytosis can 
be restored by subcultivation in normal serum; but, after more prolqnged 
subcultivation on agar, a variant may be obtained which cannot be made 
resistant to phagocytosis by cultivation in serum. These observations were 
‘extended to studies of virulence for mice (1928') and it was found that virulent 
hemolytic streptococci become attenuated after subcultivation on agar; in the 
first phase of degradation virulence can be restored by subcultivation in 
normal serum or by mouse passage ; ‘in the later stages of degradation, after 
more prolonged subcultivation on agar, an avirulent culture may be obtained 
which cannot be made virulent either by cultivation in serum or by mouse 
passage. Examination of the colonies formed by the three variants showed 
that virulent organisms and potentially virulent organisms form indistinguish- 
able colonies with matt surfaces, while the third variant forms smaller smooth 


* The expense of this research was partly defrayed by a grant from the Medieal Research 
Council. ; 
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colonies. The three variants were named the matt virulent, matt attenuated 
and avirulent glossy forms. Observations by Lancefield and Todd (1928) 
on the type-specific substance isolated by Lancefield (1928) showed that matt 
virulent and matt attenuated cultures are equally rich in type-specific 
substance and are equally potent antigens for immunization .against the 
homologous virulent cocci; glossy cultures are deficient in type-specific 
substance and they are relatively inefficient protective antigens. The three 
variants were also shown to be equally active in the production of skin-reactive 
Dick toxin, and the same observation was made by Eagles (1928), who worked 
with the “rough” and “smooth” forms of an erysipelas strain. Bliss and 
Amoss (1929) found that Dick toxin formation was reduced by subcultivation 
in ‘immune serum,” but they were unable to find any correlation between 
colony forms and Dick toxin formation, or between colony forms and the 
reactions obtained by inoculating cultures intradermally into rabbits. They 
do not state whether their immune serum was antitoxic or antibacterial. 

The adjectives “‘ matt virulent,” ‘‘ matt attenuated”’ and “avirulent glossy ” 
are open to criticism, as the three variants may all be described as virulent if 
pathogenicity in large doses is taken as the criterion of virulence; the terms 
are only applicable when used in a relative sense. In this paper, cultures 
which kill mice in doses of 10° c.c. are referred to as virulent, and cultures 
which fail to kill mice in doses smaller than 10° c.c. are called attenuated or 
avirulent. This is an arbitary classification which has little to recommend it, 
since matt cultures of any degree of virulence may occur, but it does avoid the 
rather confusing custom of classifying as “ virulent’? the most virulent variant 
of a given strain which an author may happen to possess, without any 
reference to a general standard, so that a variant described as “ virulent ’’ may 
actually be less virulent than a culture which another author calls attenuated. 

Hemolytic streptococci with an M.L.D. for mice of 10° c.c. are sometimes 
called hypervirulent, and cultures possessing this degree of virulence are often 
considered rare. I have obtained matt virulent cultures from ten strains and, 
so far as an opinion can be formed on such small numbers, it seems probable 
that any strain which has not become degraded to the glossy state can be 
converted to the virulent form by cultivation in normal serum or by mouse 
passage. A matt attenuated culture may become fully virulent after ten 
mouse passages, while an apparently similar culture of another strain may 
require more than fifty passages before the virulent form is obtained. 

The disparity between the conclusions of Cowan (1922, 1923, 1924), 
Kagles (1928) and Todd (1928') disappears when a common standard of 
virulence is applied to the experiments recorded in their papers. Cowan 
measured small differences of virulence by inoculating a number of mice with 
large deses of cultures; the smallest doses which she used were 0°25 c.c. of 
broth cultures and one twenty-fifth of the organisms grown on a serum agar 
slope. All her cultures appear to have been relatively attenuated and they 
may therefore be classified as matt attenuated and glossy. 

Eagles isolated, from an erysipelas strain, a “rough’’ form (M.L.D. for 
mice 0°6 c.c.) and a “smooth” form: (M.L.D. 0°2 c.c.), and, under the 
classification outlined above, these variants would be described as matt 
attenuated and avirulent glossy. The virulent form of this strain was not 
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obtained although the matt attenuated culture was passed through fifteen 
mice (Eagles, 1930). Eagles also isolated, from the scarlet fever strain 
Aronson, variants which appear to have been identical with the matt 
virulent, matt attenuated and glossy forms (M.L.D. of matt virulent culture 
= 0°0000001 c.c.—M.L.D. of matt attenuated culture not stated; “ virulence 
practically lost ’’—M.L.D. of glossy culture = more than 0°01 c.c. 

It is not uncommon for matt attenuated cultures to be slightly less virulent 
than glossy cultures; the importance of distinguishing these variants does not 
lie in differences in actual virulence but in differences in potential virulence. 
Matt attenuated cultures are more easily changed to the virulent form than 
the glossy variants, which resist attempts to increase their virulence. 

Culture media.—Confusion has arisen from the use of different culture 
media, because the appearance of colonies is largely dependent on the medium 
used for cultivation. In the experiments described in this paper three different 
culture media have been used for the differentiation of colonies: (1) Agar 
containing fresh blood; (2) blood-agar heated in a water-bath at 80°C. for two 
minutes before pouring the plate; (3) blood-agar containing methemoglobin, 
prepared either by storing the blood till the hemoglobin is oxidized, or by 
oxidising fresh blood with hydrogen peroxide, which is destroyed by the 
catalase of the blood. - The value of these media for the differentiation of 
colonies is dependent on individual characteristics of different strains. Matt 
and glossy colonies can often be distinguished on ordinary blood-agar, but the 
variants of certain strains are quite indistinguishable on this medium and can 
only be recognized by plating on heated blood-agar or on methemoglobin agar. 
This phenomenon is demonstrated by the following experiment : 

A variant was obtained from a virulent culture of the strain ‘‘ Dochez”’ by 
106 subcultures on agar slopes, and it was compared with the original culture 
by plating on blood-agar prepared from fresh rabbit blood, by plating on the 
same medium after it had been heated at 80°C. for two minutes, by testing 
the virulence of the cultures for mice, by examining stained preparations 
of the organisms and by noting the character of growth in broth. The 
results of the virulence tests are shown in Table I: 


TABLE I.—Virulence of Variants of Strain “ Dochez’’ for Mice. 


Culture Attenuated culture 
Dose of culture inoculated Original attenuated by after 17 subcultures 
into mice. culture. 106 subcultures in 50% normal 


on agar. horse-serum. 

0°000001 c.c. . 4 +2 days 
000001 c.c. . : ; +1 day , : 
0'000l cc  . : ; +3 days : : S 
0°001 c.c. . +1 day ’ s) 
0°01 c.c. ; . : th: ; ‘ S 
Olcec. . : ; ; 2 eee ‘ , +1 day 
Average count of colonies 

from 0°000001 c.c. . 58 ; 109 283 


In all tables the following symbols are used: S indicates that the mouse was alive and in 
ot, bos ag one month after inoculation ; + indicates death within the time stated. The diluent 
was broth. 
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The original virulent culture formed a granular deposit in broth, it formed 
regular colonies with faintly matt surfaces on blood-agar (fig. 1), it formed 
definitely matt colonies on heated blood-agar (fig. 3), and it formed short chains 
(fig. 5) which were often massed together in clumps. The attenuated culture 
formed a uniformly turbid suspension in broth, its colonies on blood-agar (fig. 2) 
were indistinguishable from those of the virulent culure on the same medium, 
but its colonies on heated blood-agar (fig. 4) were smaller and less matt than 
those of the virulent culture. The attenuated organisms formed relatively 
long chains (fig. 6) which did not tend to become massed into clumps. Obser- 
vations on the type specific substance of these cultures, by Lancefield’s technique, 
were impossible, as attempts to prepare high titre type specific serum with this 
strain were unsuccessful. The attenuated organisms were subcultured 17 times 
in 50% normal horse-serum and virulence was again tested. It will be seen 
from 'l'able I that serum culture did not cause any increase of virulence. In 
the absence of information as to the quantity of type specific substance contained 
by the attenuated variant it is difficult to know whether it should be classified 
as matt attenuated or glossy, but the character of the colonies on heated blood- 
agar and the observation that an increase of virulence was not readily obtained 
by serum culture suggest that the attenuated variant was partia!ly, if not 
wholly, reduced to the glossy staie. 

The characteristics described above were constantly found with these 
particular cultures but they cannot be applied to all strains.* Each individual 
strain examined has been found to possess peculiar characteristics—some strains 
form longer chains in the virulent form than in the attenuated form—other strains 
show differentiation of colony forms on methemoglobin agar but not on heated 
blood-agar ; a strain nay lose its type specific substance before any change in 
the morphology of its colonies appears, another strain may form glossy colonies 
but retain the property of being reverted to the matt virulent form by cultivation 
in normal serum. And these*are not the only difficulties encountered when 
working with variants of hemolytic streptococci. Matt cultures frequently 
form the large smooth colonies which Griffith (1927) named “ watery colonies”’ 
and which 'l'odd and Lancefield called “ pseudo-glossy ” colonies; they are 
easily recognized by their large size and watery appearance, they never occur 
on the part of a plate where colonies are crowded together, they always appear 
in isolation with a surrounding area of unoccupied medium and they become 
definitely matt after continued incubation. When virulent organisms are 
subcultured daily on agar they do not always form typical glossy colonies ; the 
whole culture may insensibly become less matt, so that although the original 
culture and the final subculture are easily distinguishable from each other, yet 
on examination of intermediate subcultures it may be impossible to decide, 
from the appearance of the colonies, whether the organisms which form matt 
colonies have been eradicated from the culture. Cowan and Eagles have both 
emphasized the long-continued artificial selection which is essential for the 
isolation of unmixed variants of hemolytic streptococci; and the natural 
selection which occurs when certain strains are subcultured aérobically on agar 


* In the following work on bacterial variation the culture named at the beginning of each 
experiment and all variants obtained from this original culture, either by subcultivation or by 
animal passage, are classified as belonging to the same strain. 
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appears to be an equally gradual process. The method, which is effective in the 
case of many micro-organisms, of securing a fully degraded culture in one opera- 
tion by selecting a suitable colony from a culture which is beginning to change 
to the degraded form is ineffective, when working with hemolytic streptococci, 
because subcultures from the selected colony will develop both colony forms. 

The degree of roughness of a colony does not give any information as to 
actual virulence; certain strains are rougher in the virulent form than in the 
matt attenuated form; other strains show a reversal of this phenomenon and 
form intensely rough colonies in the matt attenuated state. 

In spite of these difficulties there are certain phenomena which appear to 
be constant for all strains; so far as is known, all highly virulent cultures forin 
matt colonies, all glossy colonies are relatively avirulent, and no highly virulent 
smooth colonies of hemolytic streptococci have been described except those 
formed by capsulated organisms which are not included in the Streptococcus 
pyogenes group. 

Two methods, apart from colonial appearance, may be used in an attempt 
to decide when a culture has been completely reduced to the degraded glossy 
form. The first method, which seems to be the ideal method, is to determine, 
by Lancefield’s technique, the quantity of type-specific substance remaining in 
the culture ; but this process has a limited application, as anti M type specific 
serum of sufficiently high titre, to be useful for absorption experiments, cannot 
be prepared from every strain. Thesecond method is selection of any potentially 
virulent elements remaining in the culture by mouse passage or by sub- 
cultivation in normal serum. 

The morphology of colonies is an imperfect indication of the state of a culture, 
but information which is valuble for the study of virulence may be obtained by 
examination of colonies, if the same type of culture medium is used throughout 
a series of experiments, if a diagnosis from colony forms is supported by other 
evidence, and if it is recognized that the matt form of colony which contains 
type-specific substance may be either virulent or attenuated. 

The remainder of this paper is devoted to experiments designed to investi- 
gate the conditions which cause virulent cultures of haemolytic streptococci to 
be degraded to the avirulent glossy state by subcultivation on aérobic agar. 

McLeod and Gordon (1922), and Avery and Morgan (1924), showed that 
many strains of hemolytic streptococci form peroxide when cultivated in the 
presence of oxygen ; and in the following pages experiments will be described 
showing that peroxide causes the natural selection of glossy colonies on aérobic 
agar. ‘I'wo distinct factors are responsible for this selective action of peroxide. 

The first factor, which will be described under the heading, I. The inhibitory 
action of peroxide on the multiplication of virulent organisms, is dependent on 
the fact that the glossy variants of certain strains are able to multiply ina 
greater concentration of peroxide than the corresponding matt forms. This 
difference between virulent cultures and glossy variants is not found with 
every strain examined, and it is therefore probably a contributory factor of 
secondary importance to the evolution of glossy variants by subcultivation on 
aérobic agar. 

The second, and more important factor, which will be described under the 
heading, II. The natural selection of glossy variants by the auto-sterilization 
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of virulent colonies, is dependent on the fact that virulent colonies sterilize 
themselves on aérobic agar by forming large quantities of peroxide ; on the 
other hand, glossy colonies form smaller quantities of peroxide, and therefore 
survive longer under the same conditions of cultivation. 


I. THE INHIBITORY ACTION OF PEROXIDE ON THE MULTIPLICATION OF 
VIRULEN'T' ORGANISMS. 


The following five strains were used in the first experiment : 

(1) “Aronson Schnitzer’’: Origin uncertain. There appear to be several 
different strains named “ Aronson,” and it is therefore necessary to state that 
Colebrook obtained this strain from Dr. Schnitzer. The fact that he received 
an entirely different strain of capsulated hemolytic streptococci, also labelled 
“Aronson,” from Dr. Wamoscher shows the necessity of distinguishing 
Schnitzer’s strain. The original culture was in the matt virulent form. A 
matt attenuated culture was prepared by subcultivation on “‘ unboiled ” agar, 
and a glossy culture was prepared by subcultivation on “ boiled ’”’ agar (vide 
infra). 

(2) ‘ Dochez”’: A scarlet fever strain known as “ Dochez”’ in this country, 
and as “New York V” in America. Original matt virulent culture obtained 
from the New York State Department of Health. A partially attenuated 
matt culture was prepared by subcultivation in anaérobic broth; glossy culture~ 
prepared by subcultivation on aérobic agar. 

(3) ““S. 43”: One of the type strains of Dochez, Avery and Lancefield 
(1919). The original culture was in the matt attenuated form. A virulent 
culture was obtained by mouse passage, and a glossy culture was prepared by 
subcultivation in homologous type-specific immune serum. 

(4) and (5) ‘‘ Henson”’ and ‘* London ’’: Both these strains were isolated 
in the matt attenuated form by blood-culture from cases of puerperal septi- 
cemia ; virulent cultures were obtained by mouse passage, and glossy cultures 
were prepared by subcultivation on aérobic agar. 

The glossy variants of strains ‘‘ Aronson Schnitzer ”’ and “‘ Dochez’”’ were 
not tested serologically for type-specific substance ; their recognition as glossy 
variants was dependent on the morphology of colonies and on virulence tests. 
Cultures of all the strains were tested for catalase and for peroxidase with 
negative results. 

Virulent cultures of the five strains were tested for peroxide production by 
cultivation on aérobic boiled blood-agar, and also by growth in aérated broth 
for 24 hours. Both tests gave positive results with each strain; the boiled 
blood was bleached and the aérated broth cultures gave strongly positive 
potato-benzidine reactions.* As all the strains under investigation formed 
peroxide when supplied with abundant oxygen the effect of peroxide on the 
multiplication of the variants of each strain was tested. Progressive dilutions 
of hydrogen peroxide (A.R. 20 vols.) were made in Douglas’s tryptic digest 
broth, and the dilutions were then pipetted into 4” x 3” sterile test-tubes in 

* Three drops of a saturated solution of benzidine in acetic acid were added to 0°5 c.c. of the 


culture; a small piece of potato was then dropped into the tube, and a blue colour on the surface 
of the potato constituted a positive peroxide reaction. 
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1 c.c. volumes. The tubes of broth, containing diminishing quantities of 
peroxide, were sown with 2°5 c.mm. of the different forms of the five strains ; 
and growth, or the absence of growth, was noted after 16 hours’ incubation. 
The results of this experiment are shown in Table II. 

This experiment was repeated several times and the same results were 
obtained on each occasion ; glossy cultures of the strains ‘“‘ Aronson Schnitzer ” 
and “S$. 43” were no more resistant to inhibition by peroxide than the 
corresponding matt forms; the glossy cultures of the other three strains were 
always more resistant to inhibition by peroxide than the corresponding matt 
forms. 

A similar experiment was done to determine the resistance of glossy 
cultures to inhibition by carbolic acid; the glossy cultures which resisted 
inhibition by peroxide did not exhibit any special resistance to the antiseptic 
action of carbolic acid. 

It was stated in a previous paper that strains of hemolytic streptococci are 
not all degraded to the glossy state with equal ease by subcultivation on agar ; 
one strain may become glossy relatively quickly, while another strain may 
remain matt in spite of long-continued subcultivation. It seems probable that 
these differences in stability can be partly explained by the fact that the 
resistance of glossy variants to inhibition by peroxide is not necessarily a 
characteristic of every strain. 

In view of the observation that the glossy variants of certain strains will 
multiply in a dilution of hydrogen peroxide, which is from four to eight times 
greater than the concentration of peroxide required to inhibit multiplication of 
the matt forms of the same strain, it might be expected that a few subcultures 
on aérobic agar would suffice to eradicate the matt forms from a culture; but 
it is actually found by experiment that a lurge number of subcultures (usually 
more than 100) are required before matt cultures are completely degraded to 
the glossy state. This is probably due to the fact that bacterial peroxide does 
not accumulate in a culture till the end of the logarithmic phase of growth 
when the most active period of multiplication is passed. There is, therefore, 
a considerable difference between cultivation in preformed peroxide in the 
manner shown in Table II and cultivation on aérobic agar. In the former 
experiment the cocci pass through the logarithmic phase of multiplication in 
the presence of peroxide ; but peroxide does not appear in agar cultures till 
the end of the logarithmic phase. Experiments were therefore set up to 
investigate the bactericidal action of peroxide on cultures which had passed 
through the logarithmic phase of multiplication. 


The Inhibitory Effect and the Bactericidal Effect of Peroxide on Matt and 
Glossy Cultures. 


Sixteen-hour broth cultures of the matt and the glossy forms of the strain 
“ Dochez”’ were subcultured into dilutions of reagent hydrogen peroxide in 
broth by the method described above; and, in addition, dilutions of this 
peroxide were made in 1 c.c. volumes of the 16-hour broth cultures. The 
first test was designed to show the inhibitory action of peroxide, while the 
second test showed the bactericidal action of varying quantities of peroxide on 
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cultures which had passed the logarithmic phase of multiplication. Both tests 
were incubated for 16 hours; the result of the first test was then read; and 
the second, or bactericidal test, was continued by subculturing 50 c.mm. from 
each tube into 7 c.c. of glucose broth. 


TaBLE III.—a. The Inhibitory Effect of Reagent Hydrogen Peroxide on the 
Multiplication of Matt and Glossy Forms of Strain ‘‘ Dochez.” B. The 
Bactericidal Action of Peroxide on Organisms from the same Cultures 
after the Logarithmic Phase of Multiplication had been completed. 

B. 


av ati : Inhibitory effect on Bactericidal action on 16 
ne Me Po oe — multiplication of hours’ broth cultures of 


M.V. C 

Nil . 

1 in 100 

1 in 200 

1 in 400 

1 in 800 

lin 1600 

1 in 3200 

1 in 6400 

1 in 12,800 ; ; ; -! 

1 in 25,600 ; : ; oh 
= gl 


M.V. = matt virulent culture. G. 


Peeeonee: 


+++++oocol] +o 


ossy culture. + = growth. 0 = no growth. 
— = not tested. 


The first half of Table III shows that inhibition of multiplication by 
peroxide was greater for the virulent organisms than for the glossy variants. 
Further observations, after more prolonged incubation, showed that this 
phenomenon was poner due to inhibition and that actual sterilization 


DESCRIPTION OF PLATES. 


Fie. 1.—Strain “ Dochez” ; virulent culture ; on unheated blood-agar (see p. 371). 
2 glossy avirulent culture ; on unheated blood-agar (see p. 371). 

virulent culture ; on heated blood-agar (see p. 371). 

glossy avirulent culture ; on heated blood-agar (see p. 371). 
virulent culture ; from broth showi ing length of chains (see p. 371). 
glossy avirulent culture; from broth showing length of chains 

(see p. 371). 
original matt virulent culture on heated blood-agar (see p. 380). 
‘ glossy culture on the same plate (see p. 380). 

Fius, 9-12.-Colonies of strain “Aronson Schnitzer” on one plate of methemoglobin-agar 
(see p. 386). Fig. 9. Original matt virulent culture. Fig. 10. After 34 subcultures on 
catalase-agar (virulence and colony-form maintained). Fig. 11. Glossy culture (virulence 
lost). Fig.12. Matt attenuated culture (virulence lost). 








Note.—The appearance of colonies depends on the variable constitution of different batches of 
agar; it is therefore advisable, when comparing colony forms, to examine the colonies on one 
plate. An instance of the variability of colony form on different batches of medium is seen in the 
photographs; matt virulent and glossy colonies of the strain “ Dochez” are easily distinguishable 
in figs. 3 and 4 and also in figs. 7 and 8, but the virulent colonies are not equally rough (figs. 3 and 7) 
on heated blood-agar made with different batches of broth. 
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was of secondary importance; after 2 days’ incubation, when _ potato 
benzidine reactions showed that peroxide was still present in the 1 in 800 
dilutions and that it had disappeared from the 1 in 1600 dilutions, the virulent 
organisms had multiplied in 1 in 3200 and the glossy variants had multiplied 
in 1 in 1600; after six days’ incubation, when all the dilutions gave negative 
peroxide tests, the virulent cocci had multiplied in 1 in 1600 and the 
attenuated organisms had multiplied in 1 in 800. The second half of Table 
III shows that hydrogen peroxide had no selective antiseptic action on the 
variants when they had passed the logarithmic phase of multiplication. 

It therefore seems probable that the relatively high resistance of glossy 
variants to inhibition by peroxide fails to cause rapid selection of glossy colonies 
in daily aérobic agar subcultures, because peroxide does not appear in the 
cultures until the end of the logarithmic phase when multiplication is minimal. 


Suppression of the Peroxide-Producing Function. 


Rapid sclection of the glossy variants of certain strains by bacterial 
peroxide may also be prevented by failure of peroxide formation after a 
few subcultures on media supplied with abundant oxygen. It will be seen 
from Table II that the matt and the glossy forms of the strain “‘ Dochez” 
differ in their resistance to inhibition by peroxide more than the variants 
of any of the other strains examined; and yet this strain requires .a 
very large number of subcultures on aérobic agar for the complete elimination 
of matt colonies. The following experiments show that this slow rate of 
selection may be attributed to failure of peroxide formation. Fourteen daily 
subcultures were made in aerated broth from a virulent culture of the strain 
‘““Dochez”’ and each subculture was tested for peroxide by the potato benzidine 
reaction. The first, the fifth, the seventh and the eighth subcultures formed 
peroxide, and ten subcultures gave negative tests. A similar failure of peroxide 
formation occurred with subcultures on agar slopes, which were tested daily for 
peroxide by flooding the surface of the agar with a saturated solution of 
benzidine in acetic acid and then firmly pressing a flat piece of potato on the 
agar; after a few minutes the potato became blue if the reaction was positive, 
and the intensity of colour continued to increase for about half an hour. 
Thirty-three consecutive subcultures of the strain ‘‘ Dochez”’ on agar slopes 
gave positive reactions on only four occasions; a similar series of tests on 
subcultures of the strain ‘‘ Aronson Schnitzer”’ were all positive. As scanty 
peroxide formation seemed to be responsible for the slow natural selection of 
glossy variants when the strain ‘‘ Dochez” was subcultured on agar, an 
attempt was made to accelerate the process of selection by adding reagent 
hydrogen peroxide to the medium ; and it was found that selection is consider- 
ably accelerated by this method if a batch of broth is used which does not 
rapidly destroy peroxide. 


The Preservation of Peroxide in Different Batches of Broth. 


Different batches of broth vary enormously in their ability to preserve 
peroxide; this is illustrated by the following experiment: ‘Two different 
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batches of tryptic digest broth were prepared in the same way from bullock’s 
heart-muscle ; they were both sterilized by autoclaving (catalase destroyed), 
and they were both adjusted to pH 7°2; they were heated in boiling water for 
half an hour at the beginning of the experiment and cooled before peroxide 
was added. Dilutions of H,O, (A.R. 20 vols.) were made in each specimen of 
broth; the dilutions were incubated at 37° C., and samples, removed at intervals, 
were tested for peroxide by the potato benzidine reaction, with the results shown 
in Table IV. 

Although peroxide was preserved in broth A, it disappeared from broth B 
so rapidly that the period during which exclusive multiplication of glossy 
organisms would occur must have been exceedingly short. 

Glossy colonies began to appear when virulent organisms of the strain 
“Dochez”’ had been subcultured three times in broth A containing 1 in 3000 
H,0, (A.R. 20 vols.) ; on the other hand all the colonies remained matt after 
the same number of subcultures in broth B containing 1 in 800 H,Q,. 

The strain ‘Aronson Schnitzer,” after overnight incubation, gave a 
strongly positive potato benzidine reaction on agar prepared from broth A, 
but it gave a completely negative reaction on agar prepared from broth B, and 
peroxide did not appear in a culture on the latter medium after 3 days’ 
incubation. These observations demonstrate the importance of using a suitable 
batch of broth for experiments on the natural selection of glossy variants by 
peroxide. 


The Effect of Peroxidase on the Natural Selection of Glossy Variants. 


In the following experiment peroxidase was added to agar, and the 
influence of this enzyme on the natural selection of glossy variants was in- 
vestigated. A solution of peroxidase, free from catalase, was prepared by 
grinding desiccated horse-radish roots into a fine flour; distilled water was 
then added; the mixture was mechanically shaken for 14 hours; and a 
sterile, clear yellow fluid was obtained by Seitz filtration. The undiluted 
fluid gave a strongly positive peroxidase reaction (a dark blue colour on adding 
H,0, and benzidine), and a weak positive reaction was obtained when the fluid 
was diluted 1 in 1000 in distilled water. Tests for catalase (effervescence with 
H,0, at 37°C.) were negative. 

Daily subcultures were made from a virulent culture of the strain “ Dochez”’ 
(a) on an agar slope containing 1% of horse-radish extract; (b) on an agar 
slope containing 1% of the same extract boiled for ten minutes to destroy the 
peroxidase. Fresh slopes were prepared each day by adding 0°05 c.c. of the 
fluids to 5 c.c. of agar at 45°C. 

In a preliminary experiment, H,O, and benzidine were added to the cultures 
after 24 hours’ incubation ; the peroxidase-agar became dark blue, showing that 
the peroxidase was still active; the control culture remained colourless. 

After twenty subcultures, when positive peroxide reactions had occurred 
four times on peroxidase-agar and twice on heated peroxidase-agar, both 
cultures retained their original virulence, and they were both composed of 
matt and glossy colonies. As the quantity of peroxide synthesized by this 
strain was evidently too small to cause rapid selection of glossy colonies the 
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deficiency was supplied by adding reagent hydrogen peroxide in increasing 
concentration (1 in 1000 to 1 in 600) to the media, and after 10 additional 
subcultures the following changes were observed : 
(a) About 40% of the colonies from agar containing unheated horse- 
radish extract were matt. 
(b) About 40% from agar containing heated horse-radish extract 
were matt. 
(c) About 25% from agar containing unheated horse-radish extract 
+ H,O, were matt. 
(d) Less than 1% from agar containing heated horse-radish extract 
+ H,O, were matt. 

[(a) and (b) after 30 subcultures on the media specified; (c) after 20 
subcultures on peroxidase-agar followed by 10 subcultures on peroxidase-agar 
+ H,0,; (d) after 20 subcultures on heated peroxidase-agar followed by 10 
subcultures on heated peroxidase-agar + H,Q,. | 

Glossy colonies selected from the culture on heated horse-radish extract 
+ H,0, were found to have an M.L.D. for mice of 0°l c.c. Two sets of mice 
were inoculated with 0°000001 c.c. of the original virulent culture, and with 
0°01 c.c. of the glossy culture. Table V gives the result of this test. 


TaBLE V.—Change of Virulence due to Subcultivation on Agar containing 
Heated Horse-Radish Extract and Reagent Hydrogen Peroxide; Strain 


** Dochez.” 
Original culture, Glossy culture, 
dose 0 000001 c.c. dose 001 e.c. 


+27 days 
s 
Ss 
S 
S 
: S 
Colony counts , 320,000 


The original culture was ten thousand times more virulent than the glossy 
variant. The avirulent culture formed a granular deposit in digest broth, it 
was more resistant to inhibition by peroxide than the orginal virulent culture 
(see Table X), and it formed glossy colonies on heated blood-agar (fig. 7 
= original virulent culture; fig. 8 = glossy culture). 


The Preservation of Peroxide in Broth by Heated Horse-Radish Extract. 


Subsequent experiments confirmed the observation that heated horse- 
radish extract accelerates the selection of glossy colonies; and this acceleration 
probably occurs because the heated extract preserves the peroxide in the 
medium. In the following experiment dilutions of H,O, A.R. 20 vols. were 
made, (1) in digest broth, (2) in the same broth + 1% of heated horse-radish 
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extract. The dilutions were incubated at 37°C.; samples were removed at 
intervals and tested for peroxide by the potato benzidine reaction; the results 
obtained are given in Table VI: 


TaBLE VI.—The Preservation of Reagent Hydrogen Peroxide in Broth by 
Heated Horse-Radish Extract... 


pear” agp -Time of incubation in hours. 
0 


peroxide, 


Before 
incubation. L 2 a 7. 


Digest broth. 


Lin 200.  . ++++4+.4++4++. 4444+. 4+ 
1 in 400. ~tttet 2. ttt. ll tt.lUrF+ 
1 in 800. ~ +++ . ++. COC; + Rt 
1 ie oc ee ee oe ae ee 
ee ee Ge el ee ee 


Digest broth + 1% heated horse-radish extract. 


1inQ00.  . $H4++.t+4++. 4444+. 44+. 4+.4+. 
1 in 400. Peet. tte. tae... EE OL O.. 
1 in 800. ~ tot. ++ i. +t .lCUehCUC.CUODUl. C0 
1 in 1600 . +t. + ; 0 a Sai, (eee 
1 in 3200 ; + . 0 ; 0 je ee 0 


++++ = deep blue black. +++ = dark blue. ++ = light blue. 
+ = faint tinge of blue. O = no reaction. 


The heated extract, by some unknown process, delays the disappearance of 
peroxide; unheated extract, which contains active peroxidase, has the opposite 
effect and accelerates the disappearance of peroxide. Although the extract 
was acid it did not cause any appreciable alteration in the pH of the broth in 
a dilution of 1 in 100. 

As heated horse-radish extract delays the disappearance of H,O, from the 
medium, it must lengthen the period between the point where absolute inhibi- 
tion of all organisms ceases and the point where matt organisms can multiply; 
in other words, it must lengthen the period during which glossy organisms 
multiply exclusively ; this probably explains the accelerated selection of glossy 
colonies by subcultivation on agar containing reagent hydrogen peroxide and 
heated horse-radish extract. 


II. THE NATURAL SELECTION OF GLOSSY VARIANTS BY THE AUTO- 
STERILIZATION OF VIRULENT COLONIES. 


Experiments with the strain ‘‘ Henson,” published in a previous communi- 
cation (1928), showed that virulent cultures are greater peroxide producers 
than glossy cultures. This observation also applies to the strains ‘‘ Aronson 
Schnitzer” and “ Dochez.”’ The highly developed peroxide-producing function 
of virulent organisms must exercise a selective action in cultures on aérobic 
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agar, as the most virulent colonies will be sterilized first because they are 
surrounded by the highest concentration of peroxide. There are, therefore, as 
previously stated, at least two factors concerned in the natural selection of 
glossy variants by peroxide: (a) the relative resistance of glossy variants to 
inhibition by peroxide; (b) the early auto-sterilization of virulent colonies by 
their enhanced peroxide-producing function. In the following experiments 
with the strain “ Aronson-Schnitzer”’ the first factor may be neglected, as the 
three variants of this strain are all inhibited by peroxide to the same extent 
(see Tables II and X), and attention may be confined to the auto-sterilization 
of virulent colonies. 


Differences in Peroxide Production on Freshly Boiled Agar, on ‘“‘ Unboiled” 
Agar, and on Catalase-Agar ; the Effect of these Differences on Auto- 
sterilization of Virulent Colonies. 


Dubos (1929) found that small implants of hemolytic streptococci multiply 
in freshly boiled broth, and that relatively large implants are required to 
obtain multiplication in “ unboiled”’ broth. He considered that this was due 
to the high reduction potential of “‘ boiled” broth. 

In the light of Dubos’s observations, experiments were set up to compare 
“boiled ’’ and ‘‘ unboiled”’ broth as media for peroxide formation by hemolytic 
streptococci, and it was found that peroxide appears earlier in “ boiled ’’ broth 
than in “ unboiled’”’ broth. The same phenomenon occurs on agar; cultures 
of the strain ‘“‘ Aronson Schnitzer” give strongly positive potato benzidine 
* reactions after 24 hours’ incubation on freshly boiled agar, but they give 
negative tests after 24 hours’ incubation on the same batch of agar, if the 
medium is boiled and sloped a week before the culture is sown. This 
phenomenon affords a simple method of observing the effect of peroxide on 
virulence. 

A virulent culture of the strain “‘ Aronson Schnitzer” was subcultured 
daily on freshly “ boiled” agar, on “ unboiled”’ agar, and on agar containing 
0°1% of washed blood-cells. All the subcultures on “boiled” agar gave 
strongly positive peroxide reactions; all the subcultures on “ unboiled”’ agar, 
with one exception, and all the subcultures on blood-cell agar gave negative 
peroxide tests. The 15th subcultures were tested for virulence : 


Smallest fatal dose of culture from boiled agar ; ‘ 10° c.c. 
2 ss a unboiled agar . ; 10” c.c. 
a ‘ blood-cell agar . : 10” c.c. 
All the mice died within two days. 


The test supplied doubtful evidence that the culture which had been 
exposed to the highest concentration of peroxide on “ boiled” agar was losing 
virulence; more convincing evidence of this change was obtained from 
examination of colonies. The cultures which had been exposed to the smallest 
quantities of peroxide on blood-cell agar and on “unboiled” agar formed 
typical matt colonies; the culture from “boiled” agar formed smaller and 
slightly smoother colonies. 
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Subcultivation was continued at intervals of 48 hours to give the organisms 
longer contact with peroxide. The increased period of incubation altered the 
peroxide reactions ; blood-cell agar continued to be negative; “‘ unboiled”’ 
agar became weakly positive; and although peroxide tests on “boiled” agar 
were usually positive, negative reactions occurred on three occasions, presum- 
ably due to the gradual elimination of virulent colonies. 

A second virulence test was done after ten additional subcultures. 


TABLE VII.—Changes of Virulence due to Subcultivation on “ Boiled’ Agar, 
on “‘Unboiled” Agar, and on Blood-Cell Agar. Strain ‘ Aronson 
Schnitzer.” 


; Original After 25 subcultures on — 
Dose of culture inoculated culture at 


eee 
into mice. commencement “Boiled” “ Unboiled ” Blood-cell 
of experiment. agar slopes. agar slopes. agar slopes. 


0'00000001 c.c. F : S - S , ) . +2 days 
0°0000001 c.c. . : . t2days .. Ss ee SS 
0000001 cc... ‘ a PR : S a Fr 525 a ae 
000001 c.c. - is Se Gaye TE ae) eae 
0°0001 c.c. ; wT, Sea, cee ol ates . +1 day 
0'001 c.c. . ‘ ; ; NS) ER oa FB e 
O'OL Gc. >: : : Sige :.27e ae Ey, per aes 
O'l c.c. : : : : ee | va fae 
Average count of colonies 

from 0°000001 c.c. ; ; 101 : 119 ; 149 


The effect of peroxide on virulence was clearly shown 48 hours after 
inoculation, when the smallest fatal doses of the cultures were (1) from 
“boiled”? agar 107 c.c., (2) from ‘“‘unboiled” agar 10” c.c., (3) from blood- 
cell agar 10° c.c. 

Subcultivation on the medium which allowed the greatest peroxide 
accumulation caused a definite loss of virulence and a change in the 
morphology of colonies. The culture from blood-cell agar formed large matt 
colonies; the culture from “ boiled’? agar formed smaller colonies with 
relatively smooth surfaces; and the culture from ‘“ unboiled” agar formed 
both types of colonies in approximately equal numbers. The virulent and the 
partially attenuated colonies, which were easily distinguishable by the naked 
eye, presented a striking contrast on methemoglobin horse-blood agar, and 
yet the three cultures formed indistinguishable colonies on heated rabbit blood- 
agar. This again illustrates the importance of using a suitable culture medium 
for the recognition of variant colonies. 

The peroxide-producing activity and the rate of auto-sterilization of the 
variants were tested by spreading the virulent culture from blood-cell agar 
and the partially attenuated culture from “ boiled’ agar on the opposite sides 
of a boiled-blood-agar plate; after 24 hours’ incubation the virulent culture 
developed a green colour, but this evidence of peroxide did not appear round 
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the partially attenuated colonies ; after incubation for three days the medium 
surrounding virulent colonies was bleached by peroxide, and a doubtful green 
colour surrounded the partially attenuated colonies; in six days the virulent 
colonies were sterile, while the relatively glossy colonies gave an abundant 
growth when subcultured on blood-agar. 

Loss of virulence after subcultivation on ‘‘ boiled’ agar may be attributed 
to the natural selection of attenuated colonies, on a medium which allows 
peroxide accumulation, by auto-sterilization of the virulent colonies in a high 
concentration of bacterial peroxide and by survival of the attenuated colonies 
in a lower concentration of peroxide. 

It was noticed in the course of this experiment that the cocci multiplied 
more profusely on “ unboiled”’ agar than on “ boiled”’ agar, yet the relatively 
small numbers of organisms on the latter medium synthesised the larger 
quantity of peroxide. This observation suggests that the organisms cannot use 
oxygen from the air surrounding their colonies for peroxide formation, and 
that they are dependent on oxygen taken into solution by the agar. A 
distinction can therefore be made between subcultivation on ‘‘ unboiled”’ agar 
and subcultivation on blood-cell agar; cultures probably do not form large 
quantities of peroxide on “ unboiled”’ agar because the:medium does not supply 
oxygen in an acceptable form; on the other hand, cultures on freshly boiled 
agar, containing active catalase, presumably form peroxide which is im- 
mediately destroyed. High oxygen tensions and synthesis of peroxide do not 
appear to depress virulence if the accumulation of peroxide is prevented either 
by failure of production or by destruction immediately following normal 
production. 

Hewitt (1930) compared the oxidation-reduction potential time curves of 
cultures of the strain “Aronson Schnitzer’’ in “boiled”? broth and in 
“unboiled”’ broth ; he found that the initial fall of potential (Eh) and also the 
subsequent rise of Eh are -both greater in ‘‘boiled”’ broth. Whatever the 
correct explanation of this phenomenon may be, it appears that virulent cocci 
of this strain produce abundant peroxide and lose virulence when subcultured 
on freshly ‘‘ boiled” agar; they produce less peroxide and maintain their 
virulence longer when subcultured on “ unboiled”’ agar. 

In the experiment described above, blood cells, which contain both catalase 
and peroxidase, were used to prevent accumulation of peroxide; in the 
following experiment the effects of catalase and of peroxidase were examined 
separately. 


The Effects of Catalase and of Peroxidase on Virulence. 


A number of attempts were made to prepare catalase, free from peroxidase, 
in a form suitable for use in culture media and the following method was 
finally adopted: The organisms from an agar slope culture of Micrococcus 
lysodeikticus were suspended in 10 c.c. of saline containing a few drops of 
chloroform, and incubated at 37°C. until sterile. The saline suspension was 
pipetted into a centrifuge tube, leaving the bulk of chloroform in the first 
tube, and re-incubated to drive off the remainder of the chloroform; the 
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organisms were then centrifuged down, washed with fresh saline, finally tested 
for sterility and stored in the cold for daily use. This preparation, when 
added to hydrogen peroxide, caused a very brisk effervescence and rapid 
destruction of peroxide: it did not contain any peroxidase. 

Four daily subcultures from a virulent culture of the strain ‘‘ Aronson 
Schnitzer’’ were made on agar slopes which contained (1) active catalase, 
(2) inactivated catalase, (3) active peroxidase, (4) inactivated perexidase. The 
agar slopes were boiled for half an hour to expel air; the enzymes, which 
were stored in the cold, were added to melted agar at 45°C. immediately 
before sloping; and fresh enzyme-agar slopes were made daily for each sub- 
culture. Active catalase-agar contained 0°1% of sterile organisms from a 
culture of M. lysodetkticus; inactivated catalase-agar contained the same 
quantity of organisms which had been boiled for half an hour to destroy 
catalase; active peroxidase agar contained 1°0% of horse-radish extract and 
inactivated peroxidase-agar contained 1°0% of boiled horse-radish extract. 

At the beginning of the experiment, when all the subcultures were composed 
of matt colonies, potato-benzidine peroxide tests gave the following results : 


Subcultures on catalase-agar . Peroxide tests negative. 
9 ,», heated catalase-agar : ‘. », strongly positive. 
5 ,, peroxidase-agar ; + » weakly Re? 
> ,», heated peroxidase agar . a » strongly a 


Peroxide tests on daily subcultures remained the same for ten days; glossy 
colonies then began to appear in the subcultures on heated peroxidase-agar 
and as the numbers of glossy colonies in these subcultures increased, the 
peroxide reactions became progressively weaker ; the peroxide reactions on the 
other three media remained unchanged throughout the experiment. 

The rate of selection of glossy colonies by subcultivation on the various 
media was as follows: All the colonies derived from subcultures on catalase- 
agar remained matt throughout the experiment; after 10 subcultures on 
heated catalase-agar 10 glossy colonies appeared among innumerable matt 
colonies, and the proportion of glossy colonies was only slightly increased after 
24 subcultures and again after 34 subcultures. A similar though rather slower 
rate of selection occurred on peroxidase-agar: after 10 subcultures all the 
colonies were matt, after 24 subcultures glossy colonies began to appear, and 
after 34 subcultures their numbers were increased, although an overwhelming 
majority of matt colonies remained. The effect of subcultivation on heated 
peroxidase-agar was very different; after 10 subcultures 80 glossy colonies 
were counted among innumerable matt colonies; after 24 subcultures 74% of 
the colonies were glossy; after 34 subcultures the glossy colonies became 
innumerable and only 16 matt colonies were counted. 

Virulence tests confirmed the results of differential colony counts ; after 
10 subcultures, when matt colonies predominated in each case, the 4 cultures 
were equal in virulence (M.L.D. 10°); after 34 subcultures the culture 
from heated peroxidase-agar was attenuated while the other 3 cultures 
remained relatively virulent. 

The results of virulence tests on the original culture, on cultures from the 
enzyme-media, on a pure glossy culture derived from heated peroxidase-agar 
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and on a matt attenuated culture obtained from the original culture by 163 
subcultures on “ unboiled”’ agar are shown in Table VIII. 

The culture from catalase-agar, which was entirely composed of matt 
colonies, remained fully virulent ; and, judging from blood-agar counts, a dose 
of six organisms killed a mouse in 2 days. 

The cultures from heated catalase-agar and from peroxidase-agar, which were 
principally composed of matt colonies, retained the major part of their original 
virulence. The slow selection of glossy colonies by daily subcultivation on 
these media is in agreement with the result of a previous experiment, which 
showed that natural selection of glossy colonies by subcultivation on “boiled” 
agar is a very slow process unless the colonies are allowed to remain in contact 
with their own peroxide for 48 hours in each subculture. 


TaBLE VIII.—Changes of Virulence due to Subcultivation on Catalase-Agar and 
on Peroxidase-Agar. Strain ‘‘ Aronson Schnitzer.” 


Original After 34 subcultures on— 
culture at —_ Pure Matt 
commence- Garalase- Heated Heated glossy attennated 
ment of ear catalase- peroxidase- culture, culture. 
experiment. — agar. sy agar. 
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* Heart’s blood sterile. Cause of death not found. 


The culture from heated peroxidase-agar, which was composed almost 
entirely of glossy colonies, was attenuated. This rapid selection of glossy 
colonies may be attributed to the effect of the heated horse-radish extract which, 
presumably, increased the effective concentration of antiseptic surrounding 
virulent colonies by preserving bacterial peroxide. 

Long-continued daily subcultivation on ‘ unboiled”’ agar, under conditions 
which allowed the formation of very small quantities of peroxide, caused a 
complete loss of virulence without any change of colony form, a matt attenuated 
culture being evolved. 

The cultures used in this experiment were all subcultured on to one 
methemoglobin agar plate and their colonies were photographed—original 
culture, fig. 9; after subcultivation on catalase-agar, fig. 10; glossy culture, 
fig. 11; matt attenuated culture, fig. 12. They all formed granular deposits 
in tryptic digest broth. 

The original culture, the 39th subculture on catalase-agar, the matt 
attenuated culture and the glossy culture were compared by inoculating four 
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sets of six mice with 10° c.c. of the virulent cultures and with 107 c.c. of the 
attenuated cultures. 
Table IX gives the result of this test: 


TABLE I[X.—Changes of Virulence due to Sub-cultivation on Catalase-Agar, 
on “Unboiled’”’ Agar, and on Heated Peroxidase-Agar. Strain 
“ Aronson Schnitzer.” 


After 39 sub- Matt attenuated Glossy culture 
Original culture ; cultures on culture from from heated 
dose 0 000001 ¢.c. catalase-agar; ‘‘unboiled” agar; peroxidase-agar ; 
dose 0000001 e.e. dose 0°01 c¢.c. dose 0°01 ¢.c. 


tl day . \ Tivdey 


iS 


Colony counts - $40,000. — 900,000 


The attenuated cultures were at least ten thousand times less virulent than 
the other two cultures ’ 

The following test shows that the glossy culture from heated peroxidase- 
agar and the virulent culture from catalase-agar were equally resistant to 
inhibition by peroxide. The two batches of tryptic digest broth, previously 
referred to in Table IV, were used for testing the inhibitory action of peroxide 
by the method shown in Table II; virulent and glossy cultures of the strain 
‘“‘Dochez’”’ were also set up as a control; the results are shown in Table X : 


TABLE X.—Inhibitory Action of Reagent Hydrogen Peroxide on Variants 
of the Strains ‘‘ Aronson Schnitzer’? and “ Dochez.” 


Tryptic digest broth, batch A, Tryptic digest broth, batch B. 
Dilution ¢ Strain Arouson Strain Strain Aronson Strain 
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no growth. 


In both batches of broth the two variants of the strain “‘ Aronson Schnitzer ”’ 
were inhibited by peroxide to an equal extent; on the other hand, the glossy 
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culture of the strain ‘‘ Dochez”’ was more resistant to inhibition by peroxide 
than the virulent culture of the same strain, and, as might be expected, this 
difference was most marked in the batch of broth which preserved peroxide. 

This test shows that the natural selection of glossy colonies, which occu: red 
when the strain “ Aronson Schnitzer’’ was subcultured on heated peroxidase- 
agar, was not due to resistance of the glossy variants to inhibition by peroxide. 
The following tests show that the virulent culture formed more peroxide than 
the glossy culture and selection may therefore be attributed to auto-sterilization 
of virulent colonies. 

Seven 50 c.c. Erlenmeyer flasks, each containing 1 c.c. of digest broth, were 
inoculated with 0°05 c.c. of a 16-hour broth culture of the virulent organisms 
from catalase-agar ; a similar series of flasks were set up with 1 c.c. of broth and 
0°05 c.c. of the glossy culture from heated peroxidase-agar ; the shallow layers 
of broth afforded ample aération for the formation of peroxide. The cultures 
were incubated together ; pairs of flasks were removed from the incubator at 
intervals and the cultures were tested for peroxide by the potato benzidine 
reaction. 


TABLE XI.— Peroxide Reactions of Virulent and of Glossy Cultures of the 
Strain “Aronson Schnitzer”’ Grown in Shallow Layers of Broth. 


Time of incubation in hours tae ~ 14 15 153 16 17 
Peroxide tests on virulent cul- 

tures . . . . . 2 ++ tt4t t4t4+ +4t¢4+ +444 
Peroxide tests on glossy cultures 0 0 oO 0 + ++ a a 


++++ = deep blue-black colour. ++ = light blue. + = faint tinge of blue. 
0 = no reaction. 


The virulent culture formed considerably more peroxide than the glossy 
culture ; selection of the glossy variants on heated peroxidase-agar may there- 
fore be attributed to early autosterilization of the virulent colonies by their own 
peroxide. 


Sub-cultivation of the Strain London on Boiled Agar and on Catalase-Agar. 


In a previous paper (1928*) on the relation between hemolysin and peroxide 
formation it was shown that the strain “ London,” in the virulent form, produces 
large quantities of peroxide and fails to produce hemolysin when cultivated in 
media supplied with abundant oxygen. A virulent culture of this strain was 
subcultured daily on “ boiled” aga. and on catalase-agar ; the peroxide forma- 
tion on boiled agar was so.great that cultures were sterilized after 48 hours’ 
incubation and the period of incubation was therefore limited to 24 hours. 
Each subculture on “ boiled’”’ agar gave a deep blue-black colour when tested 
by the potato benzidine reaction, all the peroxide tests on catalase agar were 
negative. After 38 subcultures the character of the colonies and the virulence 
of the cultures from both media remained unchanged. 

It is not known whether strains which become non-hemolytic on aérobic 
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blood-agar after mouse passage have a different respiratory mechanism from the 
more common varieties of hemolytic streptococci, or whether the failure to 
obtain natural selection of glossy colonies in this experiment was due to the 
unusually rapid synthesis of abundant peroxide. The latter explanation is more 
probably correct, since virulent cultures of this strain become glossy after sub- 
cultivation on “‘unboiled ” agar. 


DISCUSSION 


The degradation of virulent hemolytic streptococci to avirulent glossy 
variants by subcultivation on aérobic agar is due to natural selection by 
bacterial peroxide. Two factors contribute to the process of selection : (a) the 
glossy variants of certain strains are able to multiply in a greater concentration 
of peroxide than the corresponding matt forms; (b) virulent colonies produce 
more peroxide, and are therefore sterilized more quickly than the glossy colonies. 

The first factor, which is dependent on the fact that multiplication of matt 
cultures is inhibited to a greater extent by peroxide than multiplication of 
glossy variants, is relatively unimportant for two reasons: (1) it does not occur 
with the variants of every strain examined ; (2) inhibition of virulent organisms 
by peroxide operates most powerfully during the active phase of multiplication, 
and bacterial peroxide is not found in cultures of hemolytic streptococci till 
the end of the logarithmic phase. 2 

The second factor, namely the early auto-sterilization of virulent colonies 
by peroxide, is more important. So far as is known, virulent organisms of 
all strains produce more peroxide than the corresponding glossy variants. 

The two factors may operate together on the same strain, and the 
consequent double effect of peroxide may cause unusually rapid selection of 
glossy variants by subcultivation on aérobic agar. 

Natural selection of glossy variants does not occur if methods of subcultiva- 
tion are used which prevent accumulation of bacterial peroxide; the exclusion 
of oxygen, the addition of catalase, the use of batches of agar which rapidly 
destroy peroxide, and the use of “ unboiled”’ agar, on which little bacterial 
peroxide is formed, are all instances of methods of subculture which either 
prevent or delay the selection of glossy variants by preventing accumulation of 
large quantities of bacterial peroxide. On the other hand, natural selection is 
accelerated by aérobic subcultivation, by using batches of agar which preserve 
peroxide, by the use of freshly boiled agar which is a more favourable medium 
for peroxide formation than ‘“unboiled”’ agar, by the addition of substances 
such as heated horse-radish extract which preserve peroxide, and by adding 
reagent hydrogen peroxide to the medium. 

The acceleration of natural selection by heated horse-radish extract is 
probably entirely dependent on the ability of this substance to preserve 
peroxide in the medium; the heated extract alone does not accelerate 
selection if bacterial peroxide is not formed and if reagent hydrogen peroxide 
is not added. 

The addition of peroxidase to the agar used for subcultivation does not 
accelerate, but possibly tends to retard, the selection of glossy variants; it 
therefore seems probable that sterilization of virulent colonies is not caused by 
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atomic oxygen liberated from peroxide, but by the bactericidal action of the 
peroxide itself. 

Long-continued daily subcultivation of the strain ‘“‘ Aronson Schnitzer ’’ on 
“unboiled ” agar, which repeatedly exposes the organisms to small quantities 
of peroxide for short periods, does not cause selection of glossy colonies, but 
causes the evolution of a matt attenuated culture. This is in agreement with 
other observations, which show that prolonged contact with high concentrations 
of peroxide is necessary for selection of glossy colonies. It was shown in a 
previous paper (1928*) that virulent cultures form more peroxide than matt 
attenuated cuitures, and that glossy cultures form the smallest quantities of ° 
peroxide. The fact that a matt attenuated culture was obtained by long- 
continued subcultivation on “unboiled” agar suggests that virulent colonies 
formed sufficient peroxide on this medium to cause their elimination by 
auto-sterilization, and that glossy colonies were not selected because the 
medium was not sufficiently favourable for peroxide formation to allow auto- 
sterilization of matt attenuated colonies. The results of subcultivation on 
aérobic agar are therefore dependent on an intricate balance between the 
qualities of the medium in relation to peroxide and the peroxide-producing 
function of the particular strain under consideration. . 

The strain “ Dochez’’ protects itself against attenuation by gradually 
ceasing to form peroxide on aérobic agar ; it is possible that other strains may 
behave in a similar way, but it appears that the peroxide-producing function 
is seldom entirely suppressed. 

In discussing selection by auto-sterilization of virulent colonies we are 
confronted with the difficulty of explaining initiation of dissociation ; it is easy 
to understand how a culture composed of equal numbers of matt and of glossy 
colonies will rapidly become completely glossy in an environment which 
causes sterilization of matt colonies; it is more difficult to understand why 
a pure matt culture is degraded if all the colonies are exposed to an equal 
concentration of peroxide. There is, however, evidence that all cultures of 
hemolytic streptococci, including the most virulent, are not composed of a 
homogeneous bacterial population, but contain colonies of different degrees of 
virulence; and it is probable that the colonies of lowest virulence survive 
longest on aérobic agar because they form the smallest quantity of peroxide. 
The converse of this is also probably true ; Todd and Lancefield (1928) found 
that the most glossy cultures obtainable are rarely, if ever, completely free from 
type-specific substance, and it is interesting to note that Dawson (1930) found 
that rough cultures of pneumococci contain small quantities of type-specific 
polysaccharide. It is not known whether the small amount of type-specific 
substance which can be extracted from glossy cultures is derived from a small 
number of matt organisms, containing a full quota of type-specific protein, 
which possibly persist in the most glossy cultures obtainable, or whether each 
of the cocci forming a glossy colony contains a minute amount of type-specific 
substance. Virulence tests are of no value in an attempt to decide this 
question, as matt attenuated cultures form typical matt colonies and contain as 
much specific substance as virulent cultures, and yet they may be attenuated 
to the same degree as glossy cultures. The observation that a colony which 
appears to be glossy may, on subculture, produce a number of different types 
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of colonies showing every degree of roughness or smoothness suggests that the 
different variants may co-exist in one colony, and it is therefore possible that a 
small proportion of organisms, containng the normal quantity of specific 
substance, may persist in the most glossy colonies obtainable. Single cell 
cultures might possibly throw some light on this subject, but Dawson (1928) 
found that single cell cultures of R and S pneumococci behave in the same 
way as mass cultures. 

It is uncertain whether glossy variants, evolved by natural selection through 
the agency of peroxide, are identical with the similar variants which can be 
obtained by subcultivation in immune serum; no difference can be demonstrated 
either by examination of colonies, virulence tests, or precipitin tests for type 
specific substance. 

The view that hemolytic streptococci are spontaneously degraded to the 
glossy state by the selective action of their own peroxide is supported by the 
observation that they remain matt after Jong-continued subcultivation under 
conditions which prevent the formation of peroxide. It is, however, an 
undoubted fact that certain strains develop glossy colonies when kept in stock 
culture under conditions which prevent the accumulation of demonstrable 
peroxide; the change is occasionally observed when stock cultures are kept in 
blood broth, although the catalase of the blood prevents accumulation of 
peroxide. If broth, tinted with methylene-blue, is sown with a large implant 
of hemolytic streptococci and kept at 37° C., the methylene-blue is reduced 
within 2 or 3 hours leaving a narrow blue band at the surface exposed to the 
atmosphere ; after about 16 hours’ incubation the oxygen tension of the culture 
rises and methylene-blue is oxidized. It is therefore probable that stock 
cultures of hemolytic streptococci in broth are exposed to a higher oxygen 
tension than cultures undergoing active multiplication; and it is possible that 
the degradation which occurs in stock cultures, at a relatively high oxygen 
tension in the presence of catalase, is a modified, slow, selective process 
similar to the more rapid selection which occurs on agar in the presence of 
demonstrable peroxide. 


Summary. 


Virulent cultures of hemolytic streptococci are degraded to glossy avirulent 
variants by long continued subcultivation on aérobic agar. This change is due 
to natural selection of the variants by bacterial peroxide and the following factors 
contribute to the process of selection: (a) The glossy variants of certain strains 
are more resistant to inhibition by peroxide than the virulent forms ; (d) virulent 
colonies produce more peroxide, and therefore suffer earlier auto-sterilization 
than glossy colonies. The process of selection does not occur in anaérobic 
cultures when no peroxide is formed; it is accelerated by adding reagent 
hydrogen peroxide to the medium and by the use of media which preserve 
peroxide. 

Natural selection of glossy variants is prevented and virulence is maintained 
if accumulation of bacterial peroxide is prevented by adding catalase to the 
agar used for subcultivation ; on the other hand, peroxidase does not appear 
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to accelerate, and possibly tends to retard, the natural selection of glossy variants 
by peroxide. 


The photographs are the work of Dr. R. M. Fry, to whom I am indebted 
for the interest he has taken, and for the special methods he has employed to 
eliminate shadows by central illumination. 
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